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We deacribe the development of the 43OVAIrC (XKTC) Code, a model of
interiur ballistic phenomena based on a numerical solution of the governing
equations for one-dimensional, multi-phase flow. HXrC is an extension of
the previously developed XNOVAT Code. 7he extensions include revisions to
the representation of reactive sidewalls such as combustible case elements,
the modeling of monolithic charges, the analysis of charge increments bonded
to the tube or the projectile, a representation of a ballistic control

devire intended to reduce the temperature coefficient of the chargu, and the
incorporation of logic to treat end-burning traveling charge increments.
Moreover, the tank gun and traveling charge features have been fully linked
to the chemistry models.

The X C Code is applied to the simulation of traveling charges with
finite reaction zones to assess the extent to which the ballistic
perfomance benefit of the traveling charge is degraded as the reaction zone
thickness increases. It is concluded that reaction zone thicknesses of
several calibers can be tolerated without a significant loss of perfomance.
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1.0 INMODUcTION

The purpose of this report is to document the eteps taken to create the

XNOVAKTC (XKTC) Code from other recent versions of the NOVA Code. The XHTC
Code is intendcd to provide digital simulations of the interior ballistics
of a wide range o gun propelling charges. Like all versions of the NOVA
Code, I XKTC is based on a numerical solution of the governing equations for
the macroscopic, quasi-one-dimensional flow defined by the solid propellant

and its products of combustion. The XKIC Code has been developed as an
amalgam of the previously developed XNYOVAT 2 and NOAWATC 3 Codes which
respectively address details of tank gun and traveling charges, Our

intention in this report is to describe certain additional features which
have been encoded into XKTC and to provide a completely updated description
of the use of the code. However, we do not provide a complete description

of the governing equations or the method of solution.

This introduction contains two sections. In Section 1.1 we provide

some background iniormation concerning the various versions of the NOVA Code
which have led to the development of XKTC, In Section 1.2 we summarize the
new features and cross-linkages which are particular to XKTC. Analysis
pertinent to the new features is provided in Chapter 2.0. In Chapter 3.0 we

describe the application of XKTC to the traveling charges we investigate the
extent to which the ballistic benefits of the end-burning traveling charge
would be compromised by a reaction zone of finite thickness. In the

Appendix we provide a complete description of the use of the XKTC Code.

1.1 Background Information

Our intention in this section is simply to clarify the nomenclature for

the various versions of the NOVA Code without going into the detailed

differences between them. The earlier reports cited here may be consulted
for further discussion. The NOVA Code was originally developed to provide a

means of analyzing the aspects of charge design which contribute to the
formation of longitudinal pressure waves in the chamber of a gun. Although

several earlier versions were developed, we uderstand the NOVA Cede to be
defined by the version described in Reference 1.

1 G P. S. "The NOVA Code: A User's Manual'

Indian Head Ccntract Report IHCR 80-8 1980

2 Gough, P. S. 'XNUVAT - A Two-Phase Flow Model of Tank Gun Interior

Ballistics" Final Report, Task Order I, Contract DAAK11-85-D--0002 1985

3 Gough, P. S. "A Two-Phase Model of the Interior Ballistics of Hybrid

Solid-Propellant Traveling Charges'
Final Report, Task I, Contract DAAK11-82-C-0154 1983

1



Briefly, the NOVA Code was based on the balance equations for macro-
scopically one-dimensional tYo-phase flow. The state variables were to be
thought of as averages of the local values or microproperties. Intractable
microflow details such as drag, heat transfer and propellant combustion were
assumed to be related to the macroscopic variables by means of empirical
correlations. 'he NOVA Code allowed the simulation of a broad class of
conventional charges consistini, of granular or sti.ek propellant arranged in
several increments. The governing equations were solved by thA method of
finite differences with an explicit allowance for the discontinuities in the
state variables at the internal boundaries defined by the ends of the
increments.

The XNOVA Code 4 was developed to take edvantage of more efficient
computational procedures which had been established during work on a two-
dimensional interior ballistics code. 5 From a modeling standpoint INOVA
retained most of the features of NOVA, ouly certain esoteric and seldom used
options being deleted to produce a compact code. However, PNOVA also
contained a modeling extension relative to NOVA in that a dual-voidage
representation of perforated stick charges was admitted according to which
interstitial properties were distinguished from those within the
perf orations.

The XNOVAK Code 6 was an extension of PNOVA in which the products of
combustion of the propellant nd igniter were permitted to react chemically.
Whereas earlier code versions had always assumed combustion to proceed to
completion locally and simultaneously with regression of the surface of the
burning propellant, XNOVAK adopted the viewpoint that the products of
combustion consisted of a homogeneous mixture of gases, droplets and
particles in which a number of chemical reactions could occur.

XNOVAK was itself extended, as described in the previous task report,
to become XNOVAT. 2 The INOVAT Code incorporated numerous features pertinent
to the modeling of tank Sun propelling charges, including case combustion
and projectile afterbody intrusion. While the chemistry options of XNOVAK
were retained, they were not linked to the mew tank gun options of XNOVAT.

4 Cough, P. S. "XNOVA - An Express Version of the NOVA Code"
Final Report Contract N00174-82-M-8048 1983

5 Gough, P. S. "Modeling of Rigidized Gun Propelling Charges"
Contract Report ARBIL-CR-00518 1983

6 Govgh, P. S. "Theoretical Modeling of Navy Propelling Charges"

Final Report, Contract N00174-83-C-0241 PGA-TR-84-1 1984
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Prior to the development of D(NAI. the IN4WA Code was used to create
the NOVATC Code which added to the features of ZNOVA the possibility o
modiliug all or part of the charge as an end-burning traveling chsrge."
Combustion of the traveling charge was treated consistently with that of the
conventional propellant. Regression of the rear face of the traveling
charge was assumed to yield final products of (ombustion at an infinitesimal
distance from the surface.

1.2 Objectives and Summary of Results

The objectives of the present effort have been two-fold. First, we
have fomed a new code by the replacement of NOVA by !N0VAT in NOWATC.
Second, we have added certain now features and encoded cross-linkages of the
various options to produce the code which we refer to as the INOVAZTC Code,
or UTC. Third, we have used XKTC to explore the extent to which the
ballistic performance of a traveling charge would be compromised if the
Lormation of final products of combustion were completed over a finite
length, rather than at an infinitesimal distance from the base of the
traveling charge, as assumed in NOVATC.

Figure 1.1 illustrates three types of propelling charge which can be
modeled by XKTC. Figure 1.1 (a) represents a typical multi-increment charge
of the type originally addressed by NOVA or [NOVA. Each increment may
consist of granular or stick propellant. Unslotted perforated stick
propellant is given a dual-voidage representation. Figure 1.1 (b)
represents a multi-increment tank gm charge. The projectile afterbody is
allowed to intrude into the region occupied by the charge and reactive
sidewall components are admitted. It is also possible to model the presence
of increment endwalls as reactive layers which resist penetration by the
combustion products. The increments may also be described as parallel
packaged with appropriate formulations of the flow resistance and heat
transfer correlations. Figure 1.1 (c) represents a multi-increment charge
in which some of the increments burn in a traveling charge mode, in
successive planar layers from the rear. Reactive sidewalls are also
admitted, in the region occupied by the conventional increments.

An effort has been made to link all the code options in a physically
complete manner. However, it is assumed that there are no compactible
filler materials present if the afterbody intrudes into the chamber or if
the traveling charge option is exercised. It is also assumed that the
projectile does not have an afterbody if the end-burning traveling charge
option is used.

Apart from transfering the traveling charge model from NOVATC to
XNOVAT, a number of revisions and extensions were added in the development
o! XKTC. These are described in full in Chapter 2.0. They may be
sumnarized as follows.

3
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Meai,, layer aw 5"itace of TuSW Well

ell

bul,. l"Yet at coaterIL"a. of Mbe

Projectile Lftsbody
lAtn4 W~O ChLabgor

(b) Tank Gun Charge

?zsvq1&ng Oarce IMrqe.,ta

Aeactive Ia,.: in Twu. Vall

Project~l.

Samtur Cbarg. Cemsl@%jag of Three
)sDamag Of (1mventami Propolaat Moettw IL.lAyn at

Centorlm of Tub.

(c) Charge Comprising End Burning Traveling Charge Increme~nts

Figure 1.1 Charge Configurations Represented by MC Code.
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First, we have extended the representation of reactive sidewalls to
admit a variation of thermochemical and mechanical properties with axial
position. Second, we have encoded a form function for a monolithic charge
which is bonded to the tube and burns only on the surface of a single
internal perforation. The projectile afterbody is permitted to intrude into
the perforation. Third, we have encoded logic to represent any charge
increment as bonded either to the tube or to the projectile. This feature
may be used to describe a traveling charge increment which burns in depth
rather than at the rear surface, and also admits intrusion of the projectile
afterbody. Fourth, we have encoded logic to describe a ballistic control
device whose purpose is to reduce the temperature coefficient of the char$t
through the use of a separately burned sub-charge. Finally, we have linked
the chemistry options to the sidewall and endwall reactivity models and to
the combustion of the traveling charge.



2.0 VISIONS AND E=l31KNS5 TD mUAITIS

As discussed in Chapter 1.0. most of the governing equations for the
XKTC Code have betn documented in previous reports and it is not an
objective of the present report to provide a comprehensive statement of all
the model details. However, we do discuss those equations and linkages
which are new. This chapter contains four sections. In Section 2.1 we
discuss the revised representation of the reactive sidewalls and endwalls.
In Section 2.2 we discuss the representation of the monolithic chirge. In
Section 2.3 we discuss the treatment of a charge increment which is bonded
either to the projectile or to the tube of the gun. Finally, in Section 2.4
we discuss the analysis of a ballistic control device which is intended to
reduce the temperature coefficient of the charge.

2.1 Revised Representation of Reactive Sidewalls and Endwalls

In the previous report, 2 which described the development of IXNCAT, we
discussed the representation of reactive sidewalls and endwalls. The
sidewalls were intended to represent combustible case components and/or
ignition eiements and were understood to be attributes of any or all of the
following: the tube, the centerline, the projectile afterbody. The
sidewalls were characterized by local values of thickness and urface

regression rate. Both ignition and compressibility were taken into account
and provision was made for a layer of deterrent. However, each sidewall was
considered to have the same mechanical and themochemical properties over
its entire length. The sidewall on the tube was permitted to have different
properties from that on the centerline or the projectile afterbody but it
was not considered to consist of a number of segments of differing
properties.

In IXKC the representation of the sidewalls has been revised so that
each sidewall may be characterized as consisting of up to three segments as
shown schematically in Figure 2.1. All the mechanical and themochemical
properties may vary from segment to segment. The initial thickness of the
layer remains an arbitrary function of position. However, discontinuities
in thickness are not recognized explicitly by the numerical method of
solution. We also do not track the segment boundaries with precision. The
properties of the sidewall at each mesh location are those of the segment in
which the mesh point lies and uo attempt is made to average sidewall
properties when the mesh point is close to a segment boundary.

An additional modification in XKTC is concerned with the treatment of
heat transfer to the tube. At. a tube wall location which is covered by the
sidewall, the heat transfer is assumed to be zero until the sidewall is
completely burned through.
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We have also completed the linkage of sidewall reactivity to the
chemistry submodels of XNOVAK. 6 In the previous report 2 we had noted the
governing equation for the rate of change of Yip the mass fraction of
species i in the form

DY 
i

tN K

j=1 nl k=1

where YIGi, Ysei and Ysii are the mass fractions of species i in the

products of combustion of the igniter, the outer sidewall and the inner

sidewall respectively; Yij,o is the mass fraction of species i produced by

the mear field (fizz) reaction of propellant ji and t ik is the rate of

production of species i by reaction k. We also have e, porositys p,

density, q, ie , isi and mj as rates of production per unit volume of

igniter products, outer sidewall products, inner sidewall products and near

field products of propellant j respectively. Finally, *i is the rate of

loss of species i due to deposition on the surface of the solid propellant.

In the present code, the values of Ysei and Ysii are fully supported

when the user elects to exercise both the tank Sun and chemistry options at

the same time.

A similar extension applies to the reactive endwalls. Whereas the
analysis of the endwalls was previously unlinked to the chemistry option,
XflC requires that the composition of the products of combustion of each of
the substrates be specified when the chemistry option is in effect. The
internal boundary conditions are then solved subject to the additional
balance laws

4

Y + , K in ii Y (2.1.2)L sj sji i

j=1

8



where mk is the mass flux from the mixtuie xegion at the boundary point

inside the eandall, i. is the mass flux at the boundixy point outside the

endwall, Msj is the rate of reaction of the j-th sublayer, and Yio , i

Ysji are mass fractions of species i corresponding to k, 4s and hsj
respectively.

2.2 Representation of Monolithic Charge

In Figure 2.2 we illustrate a propelling charge which comprises a
monolithic increment. Such an increment is assumed to be bonded to the tube
and inhibited on its end surfaces so that combustion is oomfined to the
surface of the single central perforation. Moreover, we considei the
possibility that the afterbody of the projectile may penetrate the
perforation of the monolithic increment.

We represent the monolithic charge in ZKTC as a single voidage stick
bonded to the tube. Since end burning of stick propellant is neglected in
the code, the inhibition of the ends is automatically captured. However, it
is necessary to take care with the definition of the porosity and the form
functions in order to model properly the rate of beat transfer during the
ignition phase and the subsequent rate of pressurization due to combustion.

Let do be the initial diameter of the perforation and let d be the

local surface regression. We assume that do is a function of position, as

suggested by Figure 2.2. Let At and Aa respectively denote the cross-

sectional areas of the tube and the afterbody, corrected for the pretence of
any reactive sidewalls. The cross-sectional area for the two-phase flow is
considered to be

A = At - Aa (2.2.1)

Let Ap = n/4 (d o + 2d) 2 be the area of the perforation. 7hen the porosity,

or fraction of the flow cross-section occupied by the products of

combustion, is

A -A
p = P a (2.2.2)

A

It follows tt if we define

S_ = r (d- + 2d) * (2.2.3)

9
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VP = A- (Ap- Aa) , (2.2.4)

then the ratio Sp /Vp will yield the correct rate of pressurization of the

perforation when combustion occurs. However, the heat transfer to the solid
propellant during the ignition phase must be based on the hydraulic dimeter

4(A - A )
D p a (2.2.5)
P (S +S)

p a

where Sp is given by (2.2.3) and S. is the circumference of the afterbody.

We have already commented on the fact that we treat the monolithic
grain as bonded to the tube. We discuss the analysis of bonded grains in
the ,xt section where we also consider the possibility of bond rupture.
Howeve:. rupture of the bond which attaches the monolithic grain is
presently assumed never to occur. If we do coasider rupture we have also to
consider the possibility that the outer surface of the grain will no longer
conform vith the inner surface of the tube. This will affect the
cr culation of the form functions and, more importantly, will lead to a
cunsideration of the formation of an outer annular ullage region and the
'ssibility of ignition of the outside of the grain. Since combustion of

the outer surface could well result in the considorution of mass addition in
a region of arbitrarily small flow cross-seotlon, we have regardid this
topic as being beyond the scope of the present effort.

If a reactive layer is attached to the tube wall in the region occupied
by the consolidated charge, it is assumed to be thermally insulated until
the charge has completely burned through.

2.3 Analysis of Bonded Charge Increment

Figure 2.3 illustrates a charge increment which is bonded to the
projectile. Rather than writing a momentum equation for the projectile and
bonded charge as a system, we consider the equations of motion for each and
introduce an explicit force of bonding which ensures that they remain in
contact. Thit, approach is computationally convenient as it allows us to
make use of existing coding structures with only minor modifications. Also,
the explicit computation of the bonding force allows us to consider a
rupture criterion according to which the charge may separate from the
projectile. We first consider a charge bonded to the projectile as in
Figure 2.3. Subseq-iently, we comment on the case when the increment is
bonded to the tube of the gun.

11
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The equation of motion of the projectile is

dv z3 dA Z2

M P go(p 1 + a3)A, +go I (p + o) a d z + go fdz+ 0-FPdt di
ZI z(2.3.1)

where M, is the mass of the projectile, vp is the projectile velocity, Pa

and ay are the pressure and intergranular stress at the base of the

projectile and A. is the flow cross-sectional area at the sane point and is

defined by Equation (2.2.1). We assume that the charge is bonded to the

afterbody over the interval [z,, z.] and that - is the bonding force. The

symbol 0 denotes the force due to gas pressure and intergranular stress over
that part of the afterbody to the rear of the bonded increment. F is the

bore resistance. We use the constant go to reconcile units of measurement.
As in the previous section, Aa is the cross-sectional area of the afterbody.

The equation of motion of the solid propellant is

Du a
(1 - e)p -DE + g ( - a) 0P s g = f -- (2.3.2)

~Dt az az A
p

where pp is the density of the propellant, up is the velocity, f8 is the

interphase drag and D/Dtp is the convective derivative along the propellant

streamline.

Now consider auxilliary variables vp and a such that

dv z dA
M = go(p 1 + a2)A3 + g 0 f(p + a). dz + -F (2.3.3)

P dt 1 0di

zi

(1 - )Pp k+ g (1 - + go - f . (2.3.4)
Dt Oz Oz
p

13



We may multiply (2.3.4) by A. integrate over z and add to (2.3.3) and
perfe m similar operations on (2.3.1) and (2.3.2) to obtain the physically
expected result

dv z, Du d tz Du
+ f (1 - Op A ' dz M p P I ( - )p A !. dz€pA "*~ P dt j

dt Dt dt Dt
is p P

(2.3.5)

Since the condition of bondinS requires vp M Up it follows that the updated
quantities obey

ZZ Zvn+1 K + ( n+1 i
+1 ( 1 - O pAdz + 1 (1 - )pp A dz . (2.3.6)

ZI Z.,

The computational algorithm therefore requires that we first integrate
(2.3.3) and (2.3.4) to get vn +1 and .u+. Then (2.3.6) yields vn+* and

hence un+l We have assumed thus far that the bond between the propellant
p '

and the projectile does not rupture. The force of bonding may be determined

as

Vn+
l _ Vn+

1

F = P P M (2.3.7)
gAt P

where At = At on the predictor step and At/2 on the corrector step of the
finite difference integration. Separation of the propellant from the
projectile is assumed to occur if F exceeds a predetermined value.

The intergranular stress a foll--ns from the usual constitutive law
according to which it is an irreversible function of porosity. Since axial
strain cannot occur for the bonded charge, the stress will be controlled by
combustion of the propellant and variations in Lube area with travel. The
boundary values of a are likewise determined from the constitutive law and
not from the characteristic forms.

14



The analysis of an increment bonded to the tube is analogous except

that an obvious simplification arises since the tube is assimed to remain

stationary. In place of (2.3.7) we evaluate the bonding force from

Z2

f n+1 PpA(l - e)dz

Z,
F = - (2.3.8)

8 At

We also note that the attribute of attacbent to the projectile or to the

tube applies to the increment as a whole. If the increment consists of a
mixture of propellants or of several parallel packaged bundles, all the

species or bundles are taken to be bonded until the rupture condition is
achieved.

2.4 Representation of Bal!.-icic Control Device

In Figure 2.4 we iliustrate a ballistic control device whote intended

purpose is the reduction of the temperature coefficient of the propelling
charge. The small control chary, is burned prior to or during the ignition

of the main charge. Since thrust is supplied to the projectile via the base
of the afterbody, the conirol charge has the effect of varying the ;osition
of the projectile during or prior to the ignition of the main charge. At
higher temperatures the displacement of the projectile, at the time of

ignition of the main charge, is expected to increase thereby offsetting the
increased quickness of the main charge and reducing the temperature
coefficie..nt.

In our schematic illustration we show features of the UTC representa-
tion which may or may not be present in actual designs. We show a combus-
tion chamber within the device whose diameter differs from that of the

propulsion tube into which the projectile afterbody intrudes. We also show
sidevents along the device through which an ignition stimulus to the

propelling charge may be induced prior to the umcorking of the afterbody.
The XKTC Code also allows the exterior of the device to have an arbitrary
shape.

The model of the ballistic control device includes the following

details. Conditions -ithin the device are presumed to be unifom since the
device is not expected to be very long and the resolution of axial structure

according to a continuum model does not seem worthwhile. The governing
equations for the state of the gas within the device are therefore
statements of the balance of mass and energy, supported by a burn rate law
for the control charge and a covolume eNation of state. The control charge

15
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is assumed to be granular and to consist of one of the following forms:
sphere; cylinder, monoperforated with or without outside inhibition) seven-
perforation. The control charge is assumed to be ignited after a
predetermined delay.

The equation of motion of the projectile is modified to take into
account the thrust due to the control charge until the instazt when the
projectile uncorks.

The external geometry of the device is used to correct the values of
the cross-sectional area of the two-phase flow defined by the main charge.
For the present we assume that the device is short enough that the vented
gases can be coupled to the reponse of the aain charge through representa-
tion as a basepad attached to the breechface. The rate of venting per unit
vent area is deduced from the pressures within the control device and at the
rear of the main charge according to an isentropic flow law with an
allowance for choking. The total rate of flow follows from the total vent
area which is exposed as the projectile moves. This total area consists of
the sidewall .atribution and, when the projectile uncorks, the area of the
propulsion tube.

The total flux so computed is used to construct a surface source term
which is expressed as an attribute of the breechface. Reversed flow into
the control chamber is not presently considered. In subsequent work it is
intended to provide the option of representing the flux from the control
device as a sidewall source attributed to the internal boundary of the two-
phase flow. This will permit the representation of longer devices than the
present method.

The governing equations for the state of the gas within the device are
easily derived and we simply summarize them here. The balances of mass and
energy are

V aP = ] - e - pAcvp  (2.4.1)
9 dt P p p

PV d -= i p (ep - e) - e - pA cVp (2.4.2)
8dt p a c

.where p is density, p, pressure, e, internal energyj Vg0 volume available to

gas; Ac , cross-sectional area of propulsion tube; Vp, projectile velocity

mp, rate of combustion of control charge, pp, density of control charges

e , chemical energy of control chargeo me. total mass flux to main charge,

assumed to be always positive or zero.

17



The volume available to the gas is given by

M
V = V + A Mz - (2.4.3)

g 0 O p p

where Vo is the volume of the combustion chamber; Zp is the displacement of

the base of the afterbody relative to the entrance to the propulsion tube;

mp is the mass of the unburned propellant. We note that MC admits an

initial gas volume Vso defined by

Vgo = Vo + Aczpo (2.4.4)

where zPo is an initial standoff distance. The initial volume may be

defined through either V o, zpo or both.

The rate of combustion of the propellant is

ip = h Spa (2.4.5)
VPo

where Sp is the surface area of a $rains Vpo is the initial volume of a

grain; M po is the initial mass of the charge and a is the surface regression

rate and is assumed to obey the usual exponential dependence on pressure.

We also have

M M o (2.4 .6)P V P

V Po

where Vp is the current volume of a grain. The values of Vp and S. are

related to the total surface regression through the usual geometrical form

functions.

18



7he functional dependence of i, on the pressures within the control

device and at the breech of the main chamber is given by the isentropic flow
law corrected for covolume as in Reference 1.

Provision is made for a deterrent layer in the coirtrol charge but there
is no present linkage to the chemistry options.
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3.0 EFpnCe OF FINITE FLME UICZMNS (M TUAVLING QAROE PW0M NNCE

In conventional propelling charges the propellant tends to be

distributed in a nearly uniform fashion over the length of the tube and the
velocity distributions of both the propellant grains and the products of
combustion tend to be nearly linear functions of axial position as suggested
by Lagrange. 7 The kinetic energy of the propulsion gas is proportional to
that of the projectile and represents a loss of ballistic efficiency. For
artillery weapons operating with a muzzle velocity of approximattly 1 km/sec
the ratio of propellant mass to projectile mass (C/M) is about 0.2 and the
loss is not very important. However, there is a current interest in weapons

operating at a muzzl*e velocity of 3 km/sec. Estimates of the requiired value
of C/M to achieve such velocities range from 3 to 8 and the kinet'c onergy

of the propulsion gas therefore ro:presents a significant loss.

The end-burning traveling charge has been proposed as a propulsion
scheme whereby the loss due to the kinetic energy of the propulsion gas may
be reduced. 8 A model of the traveling charge has been developed 9 and the
theoretical advantages of this scheme have been demonstrated. However,
theory has incorporated the assumption that the final products of combustion
are formed an infinitesimal distance from the regressing rear surfece of the
traveling charge. This assumption has not been supported by experimental
studies of those formulations which presently show the most promise. 1 0

Combus ion has been observed to involve a complex series of steps which are
strongly dependent on composition, confinement and density of the sample.
Rather than consisting of a region of unburned propellant separated from a
region of final combustion products by a thin reaction zone, the combustion
process was seen to involve a preliminary penetration and partial
consumption of the entire sample by a convective flamefront which was then
followed by a relatively homogeneous consumption of the remainder of the
propellant accompanied, in some cases, by deconsolidation.

7 Corner, J. "Theory of the Interior Ballistics of Guns"

New York, John Wiley and Son, Inc 1950

8 May, 1. W., Baran, A. F., Baer, P. G. and Gough, P. S.

"The Traveling Charge Effect"
Proceedings of the 15th JANNAF Combustion Meeting 1978

9 Gough, P. S. "A Model of the Traveling Charge"
Ballistic Research Laboratory Contract Report ARBRL-CR-00432 1980

10 White, K. I., McCoy, D. G., Doali, J. 0., Aungst, W. P.,

Bowman, R. E. and Juhasx, A. A.
"Closed Chamber Burning Characteristics of New VIBR Formulations"
Proceedings of the 21st JAJNAF Combustion Meeting 1984
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The objective of the present study is to investigate the ballistic

consequences of a finite reaction zone at the base of the traveling charge.
We do not attempt to model directly the complex phenomena reported by White

et al. 1 0 The theoretical model is sufficiently broad that it does offer the
prospect of future simulations of combustion mechsnisms of the type
described by these authors. In the present study, however, the model is
simply exercised to describe a two-step combustion process in which
regression of the base of the traveling charge yields a mixture of final
(TC-F) and intermediate (TC-I) combustion products. The intermediate
products react to completion at a finite rate over an extended region. The
thickness of the combustion zone is varied by varying the ratio of final to
intermediate products formed in the first step and the rate of reaction of
the intermediate products.

We provide a summary of the physical content of the model in this
introduction. The governing equations are summarized in Section 2.1.
Before discussing the model we comment further on the differences between
conventional and traveling charges.

We have already noted that the kinetic energy of the propellant and its
products of combustion represent a ballistic loss whose importance increases
with increasing muzzle velocity. The original concept of the traveling
charge seems to be due to Langweiler 1 1 who proposed the development of an
end-burning charge attached to the projectile base with a burn rate designed
to yield products of combustion at rest relative to the tube. Apart from
the purely technological problem of producing a propellant with the
necessarily enormous burn rates and the required mechanical strength, it was
observed by Vinti 1 2 that the proposed burn rates would, in general, require
the development of a strong deflagration wave, one for which the products of
combustion would be supersonic relative to the flame front. The strong
deflagration wave is believed to be thermodynamically unstable 13' 1 4 and

11 Langweiler, H.
"A Proposal for Increasing the Performance of Weapons by tke Correct
Burning of Propellant"

British Intelligence Objective Sub-committee, Group 2,
Ft. Halstead Exploiting Center, Report 1247 undated

12 Vinti, J. P. "Theory of the Rapid Burning of Propellants"

Ballistic Research Laboratory Report No. 841 1952

13 Courant, R. and Friedrichs, K. 0.

"Supersonic Flow and Shock Waves" Interscience, New York 1948

14 Landau, L. D. and Lifschitz, E. M. "Fluid Dynamics"

Pergamon Press 1959
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therefcre to be incapable of existing in a steady flow. Although the
traveling charge is burned in an inherently unsteady manner, the strong
deflagration limit should nevertheless apply provided that the combustion
zone is sufficiently thin that the rates of change of mass, momentu and
energy within it remain negligible by comparison with the fluxes of these
quantities through its bounding surfaces. We also note that even if the
strong deflagration were achievable, it would not necessarily represent a
useful state from an engineering standpoint due to the magnitude of the
concomitant pressure drop across the reaction zone. At the theoretical
limit of sonic or choked combustion the pressure on the unreacted side of
the flume is approximately twice that on the reacted side. The ratio of
pressures increases indefinitely with Mach number and, for the Langweiler
proposal at least, it implies indefinitely increasing stress on the barrel
throughout the combustion of the charge.

The foregoiug objections are particular to the Langweiler concept.
They do not rule out the possibility of improved ballistic performance
through a more general traveling charge concept in which the rate of burning
is simply required to be great enough to induce a substantial rearward
blowing of the products of combustion.

An additional phenemenon to be considered is the rarefaction formed at
the instant the traveling charge burns out. The local pressure drop may be
so large that there is no further significant propulsion of the projectile
following burnout. The projectile may even decelerate due to the resistive
forces. The rarefaction also has the result that the velocity distribution
of the combustion products is relaxed to the conventional linear Lagrange
distribution with the result that the kinetic energy of the propellant gas
is restored to the conventional value and the benefit of the traveling
charge is apparently lost. It may be expected therefore that optimium
traveling charge performance will involve burnout timed to occur just prior
to muzzle exit.

Although the initial motivation for the traveling charge appears to
have stemmed from a consideration of the velocity field of tho propulsion
gas, it is our view that attention is better directed towards the pressure
distribution. Associated with the linear Lagrange velocity distribution is
a parabolic pressure distribution whose gradient serves to accelerate the
propulsion gas down the tube. The pressure at the projectile base is less
than that at the breech. Accordingly, propulsion of the projectile is due
to a lower pressure than that which the tube must withstiiud. We illustrate
the conventional charge in Figure 3.1. We show the mixttre region .eparated
fior, the projectile base by a small region of ullage -- sually no more than
one or two calibers -- which is due to the inability of the propellant
grains to match exactly the projectile velocity. We also sketch the
pressure distribution. According to the appoximate theory of Lagrange, the
ratio of breech to base pressure is given by 1 + C/2M, where C is the charge
mass and M is the projectile mass. If C/M = 0.2 as is typically the case
for artillery weapons firing at 1 km/sec then the ratio of pressures is 1.1

and the loss of efficiency is small. On the other hand, if a value of
C/M = 8 is required to achieve velociti. of the order of 3 km/sec, then the
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ratio becomes 5 and it is clear that tho projectile is receiving little

propulsive benefit from the pressure exerted on the tube. It should be
said, however, that the Lagrange distribution may provide a very poor
characterization of the pressuxe field in a conventional gun when C/M
exceeds unity and the pressare drop may not in fact be as large as 1 + C/2M,
particularly in the earlier stages of the propulsion cycle.

In Figure 3.2 ve illustrate the situation for an ideal end-burning
traveling charge. We assume that the traveling charge is ignited following
the complete combustion of a booster charge. Therefore tho unreacted

propellant is separated from a region of single-phase flow by a thin
reaction zone. We show a wave front moving to the rear. This compression
front would not arise in the Langweiler cycle but would be expected for
other types of burning schedules. The compression wave may also reflect
from the breech and, at a later time, be observed traveling in the opposite
direction. In the ideal representation of Figure 3.2, all the chemical
energy of the traveling charge is released in a thin layer. We accordingly
represent it as a discontinuity and we show a discontinuous drop in pressure
as we pass from the unreacted to the reacted side of the combustion zone.
We also show the pressure field dropping as we move through the unreacted
traveling charge towards the base of the projectile. This pressure drop is
expected to be linear, if the traveling charge is suf'iciently rigid, and is
analogous to the parabolic Lagrange pressure drop which occurs in the
propulsion gas in a conventional charge. We therefore note that while the
pressure distribution of Figure 3.2 is clearly different from that of Figure
3.1, both represent the propulsion of the projectile as due to a pressure
which is less than the spacewise maximum.

When the traveling charge is compared with the conventional charge in
terms of the relative ratios of the base pressure to the spacewise maximum

it is not obvious that the one concept is necessarily superior to the other.
Moreover, elementary interior ballistic theory is not much help since the
Lagrange characterization of the pressure is not expected to be accurate
even for conventional charges at the values of C/N of interest.

It is clear that theoretical comparison of conventional and ideal end-

burning traveling chargeb can only be conducted by reference to a continuum
model in which the pressure gradient is developed as a natural part of the
solution. The BILTC Code 9 was developed to permit such theoretical
compari'sons. The products of combustion were modeled as an inviscid, non-
reacting one-dimensional gas flow subject to the covolume equation of state.

The unreacted traveling charge was modeled as either rigid or as a one-
dimensional elastic continuum. The reaction zone was represented as a
discontinuity across which the solid propellant was transformed to final
products of reaction. A number of combustion laws were encoded. The
regression rate could be specified as a function of pressure or tailored to
yield a predetermined value of pressure on the unreacted side or of
projectile acceleration or of the Mach number of the combustion products

relative to the regression front. Branching between the various laws was
also admitted. The code was subsequently extended to incorporate multiple
increment traveling charges and to provide a representation of booster
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combustion. 15 The booster was treated as a homogeneous mixture and

computations of the pressure gradient were not expected to be reliable as
the mass of the booster was increased to become comparable to that of the

traveling charge, Accordingly, the NOVATC Code was developed 3 to provide a

fully two-phase treatment of the booster propellant and its products of

combustion. The ideal representation of the traveling charge combustion

zone as a discontinuity was nevertheless retained in NOVATC.

Figure 3.3 illustrates the problem of interest here. We consider a
hybrid charge consisting of a conventional booster increment and a traveling
charge increment. Our approach is applicable to all values of the masses of

each of the increments relative to the projectile mass. The combustion
model for the traveling charge is extended relative to that of NOVATC. We

still assume the existence of a thin reaction layer at the base of the
traveling charge. However, this reaction zone yields a mixture of final

products of combustion and intermediate products. The intermediate products
react at a finite rate with the result that the traveling charge flame
thickness also becomes finite. By varying the reaction rate we may vary the

thickness of the reaction zone. When short, the zone should approximate the
behavior of the ideal traveling charger of Figure 3.2. When sufficiently
extended, the zone should cause the release of energy by the intermediate

products to yield a pressure distribution similar to that of a conventional
charge. Assuming that we have identified an ideal traveling charge which is

ballistically superior to a conventional equivalent subject to the

assumption of a thin reaction zone, we may then allow the reaction zone to

become finite and determine how the performance advantage of the traveling
charge is eroded as the reaction zone increases in length.

Numerical simulations of the flow illustrated in Figure 3.3 are

performed using the XNOVAKTC (XKTC) Code. The region between the breechface
and the base of the traveling charge is modeled as a heterogeneous,
multiphase flow which is macroscopically one-dimensional. The flow in this
region is considered to consist of the solid booster propellant and a
mixture of combustion products. The combustion products include those of

the booster propellant and both intermediate (TC-I) and final (TC-F)
products of combustion of the traveling charge. We distinguish between the

velocities and temperatures of the solid propellant and those of the
products of combustion. We also have as a field variable the porosity or

fraction of a unit volume occupied by the mixture of combustion products.

The mixture of combustion products is multiphase but homogeneous, all
species having the same velocity and, except as specifically noted
otherwise, the same temperature. An arbitrary scheme of chemical reactions

is permitted to occur in the mixture of combustion products. The reactions

may be either of the Arrhenius type or pressure dependent.

15 Gough, P. S. "Extensions to BLTC, A Code for the Digital Simulation of

the Traveling Charge"

Ballistic Research Laboratory Contract Report AlWRL-CR-00511 1983
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The balavce equations are partial differential equations and have a
artially hyperbolic structure. They are integrated using a two-step finite
lifference scb-me of the MacCormack type 1 6 supplemented by characteristic
orms at the boundaries. The chemical reaction rate equations are

,ntegrated using a simple predictor/corrector scheme which is adequate
,)rovided that the rates are comparable to the hydrodynamic time scales.

The traveling charge may be modeled either as rigid or as a one-
|imensional elastic continuum. Integration iu the latt, case is also by
;he MacCormack scheme. The boundary conditions at the base of the ignited
:raveling charge consist of fi-nite balances of mass, momentum and energy
together with a burn rate law. Prior to ignition the boundary conditions
ire simple statements of contact. The projectile is taken to move as a
-igid body opposed by friction dc.e to the tube wall and the pressure in the
-ompressed air in front of the projectile.

It may be seen that with suitable data to characterize the regression
rate and the tatio TC-F:TC-I the model can be made to simulate the f xt:
step of the process described by White et al. 10  A suitable reaction rate
model then permits the simulation of the second step, provided that
deconsolidation is not a dominant mechanism. Such data are not presently
available and it is not an objective of the present study to attempt such a
direct simulation. When more precise simulation is required it will
probably be appropriate to model the traveling charge increment according to
the two-phase analysis presently used for the booster. This would allow a
more natural treatment of the porous burning phase and the subsequent
deconsolidation. However, the increased fidelity of representation would
require considerably greater computer resources and the solution would
involve a great deal of numerical stiffness which might well require
algorithm revisions.

The major limiting assumption in the present study is that of the
homogeneity of the mixture of combustion products. If the TC-I species
consists of particles, they are required to be sufficiently small thst their
mechanical relaxation times are negligible by comparison with the
hydrodynamic time scales. As is discussed by Wallis, 1 7 the characteristic
time for the equilibration of the velocity of small spherical particles, in
a gas stream is given by

2 P
d 2 p s(3.1)

18p

16 MacCormack, R. W.

"The Effect of Viscosity in Hypervelocity Impact Cratering"
AIAA Paper 69-354 1969

17 Wallis, G. B.
"Oe-D.en sionaM-- --- 1r.1 U 'cCraw Hi 1 1 New YOrk 1969
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where d is the particle diameter, ps is the parttcle density and p. is the

viscosity of the gas. We may estimaic the gas viscosity at 1000C as

7.4 X 10'- gm/cm-seC. 1  The value of ps will be approximately 1.6 gm/cm'.

Thus we have - - 1.2 X 102d' sec and since a characteristic hydrodynamic
time scale is 1 msec, it follows that d must be less 'la 30 microns for the
assumption of mechanical equilibration to be satisfied. We note that the
thermal relaxation time is expected to be of the sine order as the
mechanical relaxation time.

When we discuss the numerical solutions in Section 3.3 we will consider
TC-I particle diameters considerably larger than 30p. Failure to consider
particle slip is not considered to be a serious omission in the context of
the present study. The general relationship between reaction zone thickness
and ballistic performance is not expected to be influenced strongly by the
assumption of homogeneity. The assumption of homogeneity may be of greater
concern if attempts are made to simulate more directly the behavior reported
by White et al. 10 Apart from the previously mentioned possibility of
representing the traveling charge as a two-phase regionby means of XKTC. we
note that research is in progress at BRL1 8 and in France 1 to model the
combustion of the traveling charge on a more fully non-equilibrium basis.

3.1 Governing Fquations

We co,,fine our discussion to a statement of the balance equations, the
equation of state of the mixture of combustion products, the reaction rate
law used in the present study, and the boundary conditions at the base of
the traveling charge. Reference will be made to previous reports for
further discussion, particularly in respect to the constitutive laws. Our
main interest here is to show the difference between the non-equilibrium
treatment of the heterogeneous mixture consisting of the solid propellant
and its produ, ts of combustion and the equilibrium treatment of the
combustion products which are viewed as a homogeneous multiphase mizture.

19 Kooker, D. E. and Anderson, R. D.

aModeling of Hivelite Solid Propellant Combustiono
Ballistic Research Laboratory Technical Report BRL-TC-2649 1985

19 IBriand, R., Deivaux, M. and Nicolas, M.

'Theoretical Study of Interior Ballistics of Guns with Traveling Charge"
Report communicated by W. Oberle 1986
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3.1.1 Balance Equations for the Mixture of Combustion Products

These balance equations were developed in the previous report. 2 We

reproduce them in full here even though they include certain ters which are
not used in the present study. We emphasize, however, that the full
equations stated here are completely linked to the traveling charge boundary
conditions.

The mixture of combustion products is assuzed to be homogeneous. All
species are assumed to have the same velocity. In the previous report 2 we
also assumed all species to have the same temperature. As we discuss in
Section 3.1.3 we extend this in the present work to allow the species to be
partitioned into two classes, one which is thermally equilibrated and the
other which is thermally isolated. Ihis extension was thought to be
appropriate for the treatment of a mixture which contains burning particles.

As in Reference 2 we assume that the flow is quasi-one-dimensional and
we recognize the possible presence of reactive sidewalls attached to the

tube or to the centerline. Combustion of the sidewalls causes variations in
flow area and results in mass addition to the mixture of combustion
products. It is assumed, however, that there is no projectile afterbody
intrusion to be considered simultaneously with the traveling charge boundary
condition.

We assume that we have a total of N chemical species which may be
either gas- or condensed- phases. A total of K chemical reactions takes
place in the mixture of combustion products. A total of J types of
propellant are present in a given cross-section of the flow.

We take A to be the area of the cross-section. We assume A is defined
by the inner surface of the reactive layer on the tube wall and the outer
surface of the reactive layer on the centerline and that A excludes the
region occupied by the unburned igniter. The mass balance for the mixture
may be written as

J N

epA + - apAu = + m + + - i (3.1.)
8t z • j=l i=1

30



where a is the porosity; p, the densitys u, the velocityl t, times z, axial

distance; ), rate of addition of isnit.r products per unit volume imse and

insi, rate of addition per Unit volume of outer and inner sidewall products

respectively i, rate of addition per unit volume of type J propellant

products; and wi is the rate of deposition of species i on the surface of

the solid propellant. We note that when the time dependen, e of A is due

solely to the combustion of the igniter we have aA/8t - 9A p, where PIG is

the density of the unburned igniter.

The momentum equation may be written as

3

EPD - [ + 5  + ; s  u I u - (3.1.2)Dt a3z s 1 1 i - 1

where D/Dt is the convective der-ivative along the mixture streamline; g., a

constant to reconcile units; fsP the interphase drags and up, the velocity

of the solid prorell.ant. The energy balance may be written in the following

f orm:



De ap Dp f 3

ep (u U P) -- - qW q$
Dt p Dt so J=1

I s I-I P 2

+ s1 -• + p -- -- +--

iPsi P 2gO

+ j + +(u-U) p

J=l PIG P 21

N K
- cvT- e + p [.. I. +

I PC P k-

(3.1.3)

Here we have e, the thermal part of the internal energy; qw, heat loss to

the tube wall, qsj, heat loss to propellant type J9 O*G, the chemical energy

of the igniterl e8 e and esi, the chemical energies of the outer and inner
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sidewall products1 Cvi and Pci, the constant volume heat capacity and

density of condensed-phase species il Qk, the heat release per unit mass of

reaction k3 and rk is the rate of reaction k. We note that the presence of

the apparent heating term Qkrk is due to the convention adopted here of

regarding e as excluding the chemical bonding energy.

Finally, we have the governing equation for each of the i species
which constitute the mixture of combustion products

Dt [ YIG i - I ; I e1 - Y I + i 5 i± - Y i
Dt I os Ye + ms [ s

J N K

+ [ Yij 0  Y - i+ Yi Wn+ rik

j=l nzl k=l
(3.1.4)

where Yi is the mass fraction of species ii YIGi, Ysei, Ysii are the mass

fractions of species i in the products of combustion of the igniter, the

outer sidewall and the inner sidewall respectively, Yij,, is the mass

fraction of species i produced by the near field (fizz) reaction of

propellant j) and iik is the rate of production of species i by reaction k.

For computational purposes it is convenient to eliminate the derivative

of e from Equation (3.1.3). Let t represent the right hand side of

Equrtion (3.1.3) and let 7i represent the right hand side of Equation

(3.1.4) for the i-th species. Then if c is the the isentropic sound speed

at constant composition it follows that the energy equation may be restated
as

Dp c 1 Dp (3.1.)

Dt g Dt
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N

where 1 (3.1.6)3h r 4, -- )-
ap ] 1e1 , I i . aYi Ipop

(p -z Yi

We note that certain of the ters in Equations (3.11) - (3.1.4) will

not be exercised in the present study. We will have * = Ise = is = wi - 0.

3.1.2 Balance Equations for the Solid Propellant

The velocity and temperature of the solid booster propellant are
distinguished from those of the mixture of combustion products. We have the
balances of mass and momentum for the solid propellant in the following
form s:

3

a (1 - e)Op A +-L (1- )p Au= - ift(3.1.7)

at az j=1

Du ap
(1-e)p +0 (1+- e)o 0+g o =f s (3.1.8)

P Dt az az s.p

where pp is the density of the propellant, up is the velocity, ( is the

intergranular stress and D/Dt is the convective derivative along the solid

propellant streamline.

Since the solid propellant is assumed to be incompressible we do not
state an energy balance. The thermal property of interest is the surface
temperature which is initially deduced from the interphase heat transfer and
a solution of the heat conduction eqaation applied to the interior of the
solid propellant. When the surface temperature satisfies an ignition
criterion, the heat transfer condition is replaced by a steady-state
combustion law.
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3.1.3 Constitutive Laws

The constitutive laws required for closure include the mixture equation
of state, the intergranular stress law, the interphase drag and heat
transfer correlations, tho wall heat loss correlation, the ignition
criterion, the booster burn rate law and the chemical reaction rate laws.
Here we discuss only the mixture equation of state and the reaction rate
laws as these incorporate some modifications. Reference may be made to

earlier work for a discussion of the other constitutive laws. 1,2,6,20

We have characterized the mixture in terms of density, p, pressure, p,
internal energy, e and species mass fractions Yisi 1 , ........ ,N. We also
introduce the temperature T and we assume that the mixture obeys an
effective covolume equation of state

p(l - bp) = (3.1.9)
M

where b is the effective covolume, Rv is the imiversal gas constant and Mw

is the effective molecular weight of the mixture. Moreover, since e is

understood to exclude the energy of chemical bonding we have the caloric
equation of state

e = c T (3.1.10)
v

where c v is the effective specific heat at constant volume for the mixture.

We assume for the moment that thermal equilibrium prevails among the
species so that all have the same temperature T. Then the values of b and

Mw follow from a consideration of the covolume equation of state for the

gas-phase %omponents of the mixture. Consider a unit volume of the mixture.

20 Gough, P. S. "Extensions to NOVA Flamespread Mdeling Capacity"

Final Report for Tusk I, Contract N00174-80-C-0316, FGA-TR-81-2 1981
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The condensed phases occupy a fraction of the volume equal to

N P- i where we assume species i = n + 1 ....... N to be condensed
S

i=nS +1 Pc i

phases and Pci is the density of condensed-phase species i. Within the ilit

volume are pYi/Mwi moles of gas-phase species i, i = 1 ....... n1 where Mwi is

the molecular weight of species i. he gas-phase molecules occupy a

n
9

volumeS pY i where b. is the covolume of species i. The mixture
i= 1

consisting of the gas-phases alone evidently satisfies the covolume equation
of state

n n

r . Y

i-n 9 +1 cl i=1 i=1 j

Comparing (3.1.11) with (3.1.9) and (3.1.10) we see that

n Y

Y 
(3.1.12)

M M

ng NU 9 N Y.
b Yib, + 1 1 (3.1.13)

i4l i-n +1 Pci
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With all species thermally equilibrated it is clear that the specific heats
obey

N

cv = c * (3.1.14)

N

C Y c £(..5

p i P

where c p is the specific beat at constant volme. We also have y, the ratio

of specific heats

7 = p C v(3.1 .16)

We also recall that for the covolume equation of state

R
u

C -c =
v Mw

so that from (3.1.9), (3.1.10) and (3.1.16) we have

e p [Ibp] .(3.1 .17)
(- l)p

We emphasize the importance of Y in respect to the thermal response of
the mixture. Let heat AQ be added to the mixture at conustant volume and
negligible initial pressure. Then, neglecting the covolume, we have
p= (y - 1)Pb.Q. The increase in pressure is proportional to y - 1. For
gas-phase species we will have typically cpi /cyi -1.25. However, f or

condensed-phase species we will have cpi/cvi -1. If th e mixture consists

of equal mass fractions of a gas and a solid then we will have y -1.125 and
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the pressure increase due to AQ will be seen to be one half the increase
that would occur if the mixture consisted only of a gas. This is the
i,,tuitively expected result, but it is important to see that it is conveyed
through the dependence of y on the composition of the mixture.

We have assued thus far that all species have the same temperature.

Nrw suppose that certain condensed species are thermally isolated as would
be th case for large particles or for small particles surrounded by a flame
zone. Let T be the temperature of the thermally equilibrated species. Then

it is easy to see that (3.1.12) and (3.1.13) still apply since T is the
temperature of the gases. Moreovex, (3.1.16) and 3.1.17) also apply but it
is necessary to replace (3.1.14) and (3.1.15) with

N
= E.Yc13.1.18)c v  E i Y icy i

xiv.

N

cp EiYic , (3.1.19)

i=1

where E = 1 if species i is thrmal1y equilibrated and Ei = 0 if species i
is insulated. We emphasize that this simple modification is only
appropriate when the insulated species are condensed-phases. A two-
temperature gas mixture is not considered here.

The second constitutive law of interest here is that for the rate of

chemical reaction iik which appears in Equation (3.1.4). We have previously

assumed rik to be given by an Arrhenius law.6 Here we wish to model the

case in wliich reaction k represents the combustion of condensed species i by

normal surface regression. Thus itk is the negative value of the rate of

decomposition of species i per unit volmo.

Let species i consist of an aggregate of droplets or particles which

are locally identical. Let Vpi and Spi be the volume and surface area of

one particle. Then the number of particles per unit volume is given by

spY
ni = -- .(3,1.20)

Pi p V
Ct Pi
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If 3i is the rate of surface regression it follows that

r: ---- s n d.
ik Ci Pi Pi

which, in view of (3.1.20) implies

aik pY (3.1.21)

D /6
Pi

where we have introduced DPi = 6Vpi/Spi as the effective diameter of species

i. We may assume that d. is given in the usual form, having an exponential

dependence on pressure.

In the present study we characterize the combustion of an aggregate of

paiticles in terms of A characteristic dimeter Dpi and the burn rate

d = Bpn. However, we do not follow the changes in particle diameter as

combustion proceeds. This is not difficult to do but it was not thought to

be worth the additional computational burden in the present context.

However, we note that when DPi is allowed to vary, we expect that Yi and Dpi

will tend to zero together, maintaining a finite value of iik and assuring a

clean burn out of species i. If the value of Dp is kept constant, as is

done here, r ik tends asymptotically to zero with Yi and the particles never

quite burn out completely.

Accordingly, we use the following law to describe the pressure

'lependent rate of reaction of species i

ik 1pV ip (3.1.22)

Pi
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where Bi is the burn rate pre-exponent and ni is the exponent. We note, in

comparing (3.1.22) with (3.1.21) that we have simply dropped the factor of

Yi" When we characterize the rate of reaction by the input datum Dpi we may

interpret Dp. = DpiY i as the initial particle diameter.

3.1.4 Traveling Charge Balance Equations

In order to distinguish them from the corresponding quantities for the

booster charge, we denote the traveling charge solid-phase state variables

by the subscript to. hus we have pt., ut, and ctc which denote the

density, velocity and pressure in the traveling charge. We have the

bal-nces of mass and momentum

a Ptc Ut (3.1.23)

at az

autc ato t ttc
P oPcuc- + go - f W(3.1.24)
at az 0 z

where f. is the frictional force exerted on the traveling charge by the wall

of the tube. It is implicitly assumed that the traveling charge moves

through a constant area section of the tabe.

3.1.5 Boundary Conditions at the Base of the Traveling Charge

When the traveling charge has not ignited. the physical boundary
condition at its base expresses the contact of the mixture of combustion
products and the non-penetration of the solid propellant. Ignition of the
traveling charge is taken to occus after a predetermined delay. Subsequent-
ly, the physical boundary conditi.,ns consist of the finite balances of mass,
momentum and energy at tho regres.,ion front and either one or two data to
determine the regression rate. OQe datum is required to determine the
regression rate if the products are subsonic relative to the front and two
data are required if the products are sonic relative to the front. The
condition of supersonic products - the strong deflagration wave - is not
admitted.
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The finite balances of mass, momentm and energy may be stated as

pA(u - u s ) = ptCAtC(Utc - u s ) (3.1.25)

Ap + AL (u - ) = t + Atc tC (Utc - u ) (3.1.26)

s tc tc

go 8

e +- I + - (u - u ) = etc + -- t + ( (Utc - u) (3.1.27)
p 2go Ptc 2g 0

Here we have us as the velocity of the regressvon front relative to the gun
tube so that

us = utc + Xto (3.1.28)

where rtc is the regression rate relative to the unburned traveling charge.

We have used the aubscript tc to denote properties of the traveling charge
and to distinguish them from the booster solid propellant. We note that we
have introduced Atc, the cross-sectional area of the traveling charge

increment, which is not necessarily assumed equal to that of the tube, in
order to account for the possible presence of an external liner used to
support the traveling charge.

It remains to discuss the conditions which specify rtc. We assume that
rtc obeys any of the following laws:

(a) Measured burn rate--rtc is given as a function of the pressure on

either side of the flame in either exponential or tabular form.

(b) Ideal burn rate-rtc is chosen so as to yield a predetermined

value of pressure on either side of the flame, or to yield a predetermined
acceleration of the projectile, or to yield a predetermined value of the
Mach number of the combustion products relative to the flame.

(c) Composite burn rate-rtc may be required to satisfy a measured or

ideal burn rate law subject to the constraint that the Mach number of the
products be equal to one.
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It is always assumed that the Mach number of the products of combustion
of the traveling charge relative to the flame is less than or equal to one.
If the Mach number is less than one it is assumed that the burning process
is acoustically coupled to the state of mixture of combustion products and
use is made of the appropriate characteristic constraint. If the Mach
number is one, acoustic coupling is not assumed and the char'acteristic
constraint is replaced by the condition of choking. In the latter case the
traveling charge burns as a nozzleless rocket.

Ignition of the first increment is assumed to occur at a prespecified
point in time. Following ignition, the full burn rate as described by the
appropriate law is assumed to be reduced by a coefficient which increases
from zero to one over a second user-selectable interval. Then the flmie
passes from one increment to the next, a delay can be specified for the
ignition of the new increment. The burn rate achieves the value given by
the appropriate law for the new increment after an additional delay during
which the actual value varies linearly in time from the final value for the
previous increment to the full value for the new increment.

A strong rarefaction can be fonmed when the traveling charge burns out.

As in B1UTC, 9 we use a simple wave solution for five steps after burnout to
allow the state variables in the mixture of combustion products to become
reasonably smooth.

3.2 Numerical Results

The numerical results presented here satisfy two different objectives.
First, rc seek to determine the effect of a finite length reaction zone on
the interior ballistics of a traveling charge. A second objective, which
had to be satisfied prior to the first, was to complete the de-elopment of
XKTC, including in particular, the traveling charge option and its linkage
to the chemistry option. To satisfy these objectives we started rith a
BRLTC data base which was considered to exhibit a reasonable level of
ballistic benefit from a traveling charge increment. This data base was
then made compatible with NOVATC and necessary algorithm revisions were
identified and incorporated to achieve a satisfactory numerical solution.
This solution then served as a benchmark against which the operability of
XKTC could be verifed, at least for the ideal case of an infinitesimal
traveling charge combustion zone. Finally, the chemistry option was invoked
to generate a finite flime zone in the XKTC solutions and the effect of the
flame thickness on ballistic performance was appraised.
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Table 3.1 XKTC Input Data fc:- Ni_-ia1 Simulation of Travelin$ Charge with
Finite Flme Thickness

CWQKMOL. DATA

LOGICAL VARIABLES:

PRINT T DISK WRITE F DISK E F

I.B. TABLE T FLAME TABLE F PRESSURE TABLE(S) F

EROSIVE EFFECT 0 WALL TEMPERATURE CALCULATION 0

BED PRECOMPRESSED 0

HEAT LOSS CALCULATION 1

BORE RESISTANCE FUNCTION 2

1RAVELING CHARGE OPTION (0=NO, I=YES) 1

CONSERVATIVE SCHEE 10 INTEGRATE SOLID-PHASE
C(NfTINUITY BMUATION (0-NO,OLDi 1=YES,NEW) 0

KiNETICS MDDE (O=NONEI 1=GAS-PHASE GNLYI 2=BOTI PHASES) 1

TANK GUN OTION (O=NO, I=YES) 0

INPUT ECHO OPTION 0

IMRAT1 PARAENS

NUMBF]k OF STATIONS AT WHICH DATA ARE STORED 30

NUMBER OF STEPS BEFORE LOGOUT 5000

TIME STEP IOR DISK START 0

NUMBER OF STEPS FOR TERMINATION 5000

TIME INTERVAL BEFORE LOGOT(SEC) .100 X 10 - 3

TIME FOR TERMINATION (SEC) 10.00

PROJECTILE IRAVEL FOR TERMINATION (IN) 157.48 (400 cm)

MAXIMUM TIME STEP (SEC) .100 X 10-

STABILITY SAFETY FACTOR 2.00

SOURCE STABILITY FACTOR .200

SPATIAL RESOLUTION FACTOR .010

TIME INTERVAL FOR 1.B. TABLE STORAGE(SEC) .100 X 10-a

TIME INTERVAL FOR PRESSURE TABLE STORAGE (SEC) .100 x 10-1
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FILE oxNm

NU)BER OF STATIONS 10 SPECIFY TUBE RADIUS 2

NUMBER OF TIMES TO SPECIFY PRIMER DISCHARGE 0

NUMER OF POSITIONS TO SPECIFY PRIMER DISCHARGE 0

MAER OF ENTRIES IN BORE RESISTAN(E TABLE 0

NUMBER OF ENTRIES IN WALL TEMPERATRE TABLE 0

MSER OF I41RIES IN FOWARD FILLER ELEMA4T TABLE 0

NUMBER OF TIPES OF PROPELLANTS 1

NUIER OF BURN RATE DATA SETS 1

NUMBER OF EN1RIES IN VOID FRACTION TABLE(S) 0 0 0

NUMBIR OF ENIRIE IN PRESSURE HISTORY TABLES 0

NUMBER OF EIRIES IN REAR FILLER M.E)IENT TABLE 0

GEIMAL PROFRTIKS IF INITIAL A JIMT GAS

INITIAL TEAPERATURE (R) 540.0 (300K)

INITIAL PRESSURE (PSI) 14.7 (0.101 MPa)

MLEUJLAR WEIGHT (LBM/LBMOL) 28.960

RATIO OF SPECIFIC HEATS 1.400

GEIAL PROPIMI OF PROMILANT BED

INITIAL TEMPERTURE (R) 540.0 (300K)
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]RDPWglq Ir OF lP PLLhNT 1

PROPELLANT TYPE BO(TER

MASS OF PROPELLANT (IBM) .5327 (242 gin)

DENSITY OF PROPELLANT (IBM/IN') .0600 (1.66 gm/cm)

FORM FUNCIION INDICATOR 7

OUTSIDE DIAMETER (1N) .2415 (0.613 om)

INSIDE DIAMETER (IN) .0281 (0.071 g1)

LENGTH (IN) .5795 (1.472 m)

NUMBER 01' PERFORATIONS 7.

SLOT WIDTH (NFORM=11)
OR SCROLL DIA. (NFORH=13) (IN) 0.0000

PROPELLANT STACKED (0-NO, 1=YES) 0

AITACRMENT (X)ND1TION (O=FREE, l=ATTACRED TO TUBE,
2=ATrACE[ED TO PROIECTILE) 0

B(ND STRENGTH (LBF)
(N.B. ZERO DEFAULTS TO INFINITY) 0.

UIQOLOICAL PltDlr IU

SPEED OF COMPRESS1ON WAVE
IN SETTLED BED (IN/SEC) 17400 (44196 om/sec)

SETILING POROSITY 1.0

SPEED OF EXPANSION WAVE (IN/SEC) 50000. (127000 om/sec)

POISSON RATIO (-) 0.0

SOLID PBASE NEM K( N IRY

MAXIMUM PRESSURE FOR BURN RATE
DATA (IBF/IN2) 100000. (689.5 MPa)

BURNING RATE PRE-EXPONITIAL
FACI R(IN/SEC-PSIBN) .1790 X 10- 2 (0.3368 a,/see-MPaBN)

BUIING RATE EXPONENT .8650

BURNING RATE CONSTAVT (IN/SEC) o.O000

IGNITION TEMPERATURE (R) 539.0 (299,4K)

THERMAL cONICrIVITY (IBF/SEC-R) .2770 1 10-" (2.22 1 10- J/cm--sec-K)

A......... ,,/UE) xA, , 10-M ( 8.677 X 10-l ace )

EMISSIVITY FACTOR .600



GAS 1RKKI* 7mmEBMISutY

CHEMICAL ENERGY RELEASED IN BURING(IBF-IN/LBM) .17280 X 108 (4304 J/gm)

HOLECULAR WEIGHT (IBM/LBMOL) 19.4000

RATIO OF SPECIFIC BEATS 1.2500

COVOLUME 32.9000 (1.189 cmS/gm)

LOCATION OF PACKAGE(S)

PACK.M3E LEFT BDDY RIGHT BDDY MASS INNER RADIUS OUTER RADIUS
(IN) (IN) (IBM) (IN) (IN)

1 0.000 7.963 0.533 0.000 0.000
(20.22 cm) (241.8 gm)

PARANIUS 10 SPECF TUBE GROIMT

DISTANCE(IN) RADIUS(IN)

0.000 .787

200.000 (508 am) .787 (2.0 cli)

T1JIAL ROPERTS OF TUBR

7IERM&L C0NDUCTIV1TY (IBF/SEC-R) 7.770 (0.662 J/cm-sec-K)

7HERMAL DIFFUSIVIY (1N2/SEC) .2290 1 10 - 1 (0.14 7 cal/,-ec)

EMISSIVITY FACTOR .700

VNITIAL TEMPERATURE (R) 540.00 (300K)

PRWCrIIK AD RIFLIIM DATA

INITIAL POSITION OF BASE OF PR(QECrILE(IN) 0.000

MASS OF PROJECTILE (IBM) 0.000

POLAR MDMENT OF INERTIA (IBM-IN 2 ) 0.000

ANGLE OF RIFLING (DEG) 0.000
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CKNISTRY OFllON MTA

NU14BE OF SPECIES 4

NMBER OF GAS-PHASE REACrIONS 1

M BER OF SOLID-PHASE REACTIONS 0

ROmnU OF SnIRciS

NAME PHASE CV CP COV(LUW6 X)L. VOT DENSIrY TRANSFER KTEQL

LBF-IN/LBM-R IBF-IN/IB-R IN'/IBM LB/LBMOL IBM/IN' COEF.

AIR G 3824.7 4780.9 32.900 19.400 0.00000 0. 0

BOOSTER G 3924.7 4780.9 32.900 19.400 0.00000 0. 0

TCI S 3824.7 3824.7 0.000 0.000 .06000 0. 1
(1.66 gm/cm')

TCF G 3824.7 4780.9 32.900 19.400 0.00000 0. 0
(1.715 (2.144 (1.189

j/gin-K) 3/gnm-K) cm3 /gm)

WVNY'W(IIN OF LOCAL OIOUSTI 4 UUIS, OF PF)ILDLANT 1

tERY MASS FRACTIONS (-)
LBF- IN/IM Yo( 1) YO( 2) T0( 3) YO( 4)

17280000. 0.00000 1.00000 0.00000 0.00000
(4304 3/gm)

COMI/OSrUION OF LOCAL 0DIUSTIION FRODUCTS OF 7/RAVEDIG CHAiE

ENERGY MASS FRACTIONS (-)
IBF-INLBM YrCo( 1) YICO( 2) YrCo( 3) YrCO( 4)

8640000. 0.00000 0.00000 0.50000 0.50000
(2152 J/gm)

ODM(rrIGN OF IBUSTIGN MMCJ OF IGNITER

ENERGY MASS FRACTIONS (-)
LB F-IN/IBM Yo( 1) YO( 2) YO( 3) YO( 4)

0. 0.00000 0.00000 0.00000 0.00000
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ENERGY MASS FRACTIONS (--)
LBF-INiLBM Yo( 1) 10( 2) Y0 4)

864727. 1.00000 0.00000 0 0i0;)L 0.00000
( 215 J/gm)

GAS-HASB REACTION 1WTA

REACTION 1

REACTANT SPECIES 3 0 0 0 PRODIUC SICIIS 4 0 0 0

SI(HIOMEIRIC COEFFICIENTS (IBM) 1. 0. 0. 0. 1. 0. 0. 0.

BEAl OF REACTION (LBF-IN/EM) 17280000. (430A J /sm)

PARTICLE DIAMETER (IN) 0.1 (0,2.64 v.)

BURN RATE ADDITIVE CONSTANT (IN/SEC) 0.

BURN RATE COEFFICIENT (IN/SEC-PSIBN) .17900 1 10-

BURN RATE EXPONENT (-) .8650

T.C. WNTKOL IATA

IDEAL BURN RATE LAW 2

CONTINUUM NDDEL OF UNRi.ACIED PROPELLANT 1

NUMBER OF PROPELLANTS 1

PROPELLANT WALL FRICTI(N PARAMETER 0

NUMBER OF ENIRIES IN PROYECLTILE BORE RESISTANCE TABLE 2

INDICATOR FOR AIR RESISTANCE 1

NUMBER OF ENIRIES IN (I1TURATOR FRICTION TABLE 0

mINI RATIOIN PAhAMS

MAXIMUM NUMBER OF MESH POINTS 11

MINIMUM MESH SIZE (IN) .200 (0.508 cia)
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PROJ. AND iR V. (ARGE 1OmPmILES

T. C. DIAMETI (IN) 1.575 (4.0 cm)

INITIAL POSITION OF REAR FACE OF PROPELLANT (IN) 7.963 (20.22 cm)

PROJECTILE MASS (IBM) .35270 (160 $a)

CHARGE MASS (IBM) .542 (245.8 Si)

MXIMUM PRESSURE IN UNREACIED PROPELLANT (PSI),
IF IDEAL=2 100000. (689.5 IWa)

MlXIMUM MACH NUMBE OF REACTION PROJUCTS .999

MAXIMJM ACCELERATION OF PROJECTILE (G) 0.

RATIO OF SPECIFIC HEATS OF AIR (-) 1.4000

PRESSURE OF AIR IN BARREL (PSI) 14.700 (0.101 mPa)

TEMPERATURE OF AIR IN BARREL (R) 540.0 (300K)

MCLECULA, WEIGHT OF AIR IN BARREL (IBM/IBMOL) 28.9600

RESISTIVE l Mnu UE TO O lmAIM

TRAVEL RESISTIVE PRESSURE
(IN) (PSI)

0.000 800. (5.52 MPa)

.500 (0.27 cm) 500. (3.45 MPa)
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PROPmRTE OF PPELLAT NUM

RATIO OF SPECIFIC HEATS (-) 1.250

COVOLUME (IN'/IBM) 32.900 (1.189 cm'/gm)

KOLECULAR WEIGHT (IBM/LBMDL) 19.400

CIEMICAL ENFY OF PROPELLANT (ISF-N/IBM) 17280000. (4304 Jigm)

DENSITY OF PROPELLANT (1B./IN3) .0466 (1.290 gm/cm')

INITIAL MASS (IBM) .5415 (160 gin)

IJGNTION DELAY (KSEC) 1.800

DELAY FOR IRANS. TO FULL BURN RKAIE (MSEC) .100

BUNING RATE ADDITIVE CONSTANT (IN/SEC) -I

BU3qIl3 RATE PRE-EXPON qTIAL FACTOR (IN/SEC-PS1BN) -1

BURNING RATE EXPONENT (-) -I

TC GRAIN LENGTH (IN) 5.966 (15.15 cm)

L! GT BREEC9 10 PROJECrILE BASE (IN) 13.929 (35.38 c)

COMPRESSION WAVE SPEED IN PROPELLANT (IN/SEC) 118110. (300000. am/sec)

EXPANSION WAVE SPED IN PROPELLANT (IN/SEC) 0.

BURN RATE FORMAT (0=EXPs I-TABULAk) 0

BURN RATE DEPENDENCE (0=PRES; 1 SlESS) 1
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A representative XErC data base, including the chemistry data, is
presented in Table 3.1. The problem of interest involves a total propellant
mass of 488 gn and a projectile mass of 160 p so that C/M is approximately
equal to 3 The gun bore diameter is 4.0 cm and the projectile travel is
400 cm. The charge is div'.ded into a booster cowponent, consisting of
seven-perforation granular propellant and having a mass of 242 S, and a
traveling charge component whose mass is 246 gin. The booster granulation is
selected to achieve a maximum breech pressure of approximately 690 MPa which
occurs at about 1.2 msec after the booster is ignited. Ignition of the

traveling charge occurs at 1.8 msec when the breech pressure has fallen to
approximately 250 MPa. The rate of surface regression of the traveling
charge is required to yield a stress, on the unreacted side of the flame,
equal to 690 MPa, provided that the Mach number of the products does not
exceed 0.999. If the stress cannot be achieved without violating the Mach
number constraint, the regression rate is chosen to yield a Mach number of
0.999. The solution within the -.:aveling charge is assumed always to be
acoustically coupled to that in the mixture of combustion products.

The dtita of Table 3.1 were developed from a BRLTC data base which we
refer to as 40MKC3. Certain modifications were incorporated in order to
arrive at the data of Table 3.1, apart from considerations of a chemical
reaction in the mixture of combustion products. BR.TC models the booster
increment as a single-phase substance and the pressure gradient responds
only to the momentum of the combustion products. Accordingly, BELTC tends
to underestimate the pressure gradient when compared with the more complete
two-phase analysis of NOVATC or XKTC. 1he NOVA data bases therefore
incorporated a somewhat lower burn rate coefficient to produce the same
maximum chamber pressure as BITC, It also bo-came necessary in the NOVA
runt to advance slightly the time of ignition of the traveling charge
increment in order to assure burnout prior to muzzle exit. In Table 3.2 we
compare the predictions of BILTC, NOVATC and XKTC for the 4OMC3 data base.

Table 3.2 Code Dependence of Nominal Thin Flame TC Data Base (40M1C3)

Code Max Press. Muzzle Velc.'ity AaM Ae%
(MPa) (m/sec)

BtTC 699 2879 0.67 0.36

NOVATC 691 2860 -1.9 0.04

XKTC** 687 2854 -2.1 -0.95

Bcoster burn rate - 0.00185p 0''', TC ignition at 2.0 msec, maximum of
31 points for booster and TC combined.

Booster burn rate = 0.000179pO -'4', TC ignition at 1.8 msec, 16 points
for booster, maximum of 11 for TC.
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Good agreement is seen between the three sets of calculations. 1hesr
results serve to demonstrate the operability of XrTC for the thin flume
traveling charge calculations and to confirm the data oi Table 3.1 as
reproducing the performance oi" 40M1C3 in BRLTC. We note that we have also
tabulated values of the final percent mass and energy defects, AM% and Ae,
as indicators of numerical accuracy. 'Values of these quantities less than
1% would be desirable, but we bave accepted results in this study for which
the final defects were as large as 2 or 3%.

To verify that these mass and energy defects did not imply excessive
mesh dependence we present solutions for three different problems olatained
with 30 and 60 mesh points for the region occupied by the mixture of
combustion products. The first problem, identified as the thin flume TC,

Table 3.3 Mesh Dependence of IMTC Solutions

Problem Number of Max Press. Muzzle Vel. A A Ae%
Booster (MPa) (m/se c)

Mesh Points

Thin Flame TC 30 692 2875 -2.4 -1.4
60 698 2875 -1.9 -1.3

Conventional Equivalent 30 689 2476 -1.16 -0.54
60 696 2483 -0.38 -0.11

Finite Flame TC* 30 684 2603 -1.58 -2.22
60 689 2589 -1.23 -1.82

Burn rate = 0.000179p o ' 5, '  TC-I/TC-F = 50/50, Dp = 0.254 cm

is the 40MrC3 data base adapted to XKTC. The second problem, identified as
the conventional equivalent, is a charge consisting entirely of granular
propellant and having the same total mass as 40NMTC3. The third problem,
identified as the finite flame TC, corresponds precisely to the data of
Tabl- 3.1. Good mesh indifference is exhibited for all three problems and
it is assumed, unless otherwise explicitly noted, that the solutions
presented here have an accuracy of 1 or 2%.

The conventional equivalent data base was formed by taking the
tr.tveling charge increment to be a conventiohal granular increment of the
same mass and chemical energy. In order to obtain a conventional loading
density of approximately 60% it was necessary to move the pzojectile forward
a distance of 5 cm. The travel was still assumed to be 400 cm so that the
conventional equivalent result corresponds to a slightly longer gun than the
traveling charge results. This difference is not believed to be
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significant. The granulation of the conventional equivalent was varied to
achieve a maximum breech pressure of approximately 690 Pfa. Table 3.3
therefore shows a ballistic benefit of the traveling charge in the sense
that the muzzle velocity exceeds that of the conventional equivalent by
400 m/sec at the same maximum pressure.

It should be noted that the maximum pressure for the traveling charge
is achieved not only at the breech but also further downbore in the regions
occupied by the traveling charge following ignition. We do not consider the
extent to which the ballistic benefit is offset by the potentially increased
structural burden on the tube.

The finite flame TC calculation shown in Table 3.3 assumes that the
regression of the base of the traveling charge yields a mixture of final
combustion products (TC-F) and intezmndiate products (TC-I) in the ratio
TC-F/TC-I = 50/50. The intermediates are assumed to react according to
Equation (3.1.22) with Dp = 0.254 cm. We understand this value to

correspond to an initial particle diameter equal to 0.127 cm.

We note that the maximum pressure in the finite flame TC calculation is
essentially identical to that in the two preceding cases. This will be true
of all the calculations considered here. "ccordingly, the evaluation of
ballistic performance is reduced to an e.,.mination of the muzzle velocities.
It is evident, in Table 3.3, that this particular finite flame TC data base
exhibits considerable degradation of perfosmance, the muzzle velocity
exceeding that of the conventional equivalent by only 125 m/sec.

In order to relate the degradation of the traveling charge performance
benefit to the thickness of the flame zone we introduce the characteristic
reaction zone length L defined as

* ' spAxY dx
L = - __(3.2.1)

f L epAYidx

Here x is a coordinate originating at the base of the traveling charge and L
is the distance to the breechface. We have a, porosityl p, mixture density,
A, cross-sectional area of the tube; and Yi is the mass fraction of the
intermediate product species TC-I.

It stould be noted that we have Y1 in the numerator and Yi in the

denominator. Hence L* is a measure not only of the length of the reaction
zone but also the concentration of TC-I.
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It is easy to verify that if

/ o 0O' - Lf

Yi =  YO (3.2.2)
0 x Lf

where Y. is constant and Lf is the flame thickness, then

Y YeLfL - (3.2.3)
2

In such a case Lf = 2L*/Y o and will be equal to 4L if = 0.5. The

distribution (3.2.2) corresponds to a flmesheet model with TC-I being

consumed very rapidly at a standoff distance Lf. If we have a distribution

more appropriate to our particle burning model in the form

Yo I- 0 _x Lf

Yi =  (3.2.4)

0 x >Lf

then we see that

0 Yo0L f
L o (3.2.5)

We may therefore interpret values of L* as corresponding to an ideal flme

length Lf - 6L /Yo if the distribution (3.2.4) applies.

Our subsequent results will introduce a non-dimentional flime length

LND which is simply related to L by

L = L (3.2.6)
DT

where DT is the diaeter of the bore.
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Table 3.4 presents the relationship between muzzle velocity and flame
thickness for a series of data bases corresponding to Table 3.1 Only the
composition of the products of surface decomposition TC-F/TC-I and the
particle diameter Dp are varied.

Table 3.4 Relation Between Muzzle Velocity and Flame Thickness

(TC-I Burn Rate = 0.337p o ' s '' cm/sec)

TC-F/TC-I Dp 'DX Muzzle Vol. f-TCA Ae%
cm m/sec

50/50 0.127 0.40 2889 0.000 3.37 2.89

50/50 0.254 1.52 2603 0.050 -1.58 -2.22

50/50 0.381 3.36 2502 0.123 -2.17 -2.77

50/50 0.508 5.56 2461 0.188 -2.25 -2.86

75/25 0.127 0.14 2906 0.000 0.46 1.61

75/25 0.254 0.45 2793 0.007 -2.21 -1.39

75/25 0.381 0.89 2732 0.021 -2.45 -1.69

75/2f 0.508 1.45 2703 0.037 -2.58 -1.86

25/75 0.127 0.79 2830 0.000 2.58 1.23

25/75 0.254 2.54 2434 0.131 1.60 -1.51

25/75 0.381 6.07 2249 0.301 -0.18 -3.38

25/75 0.508 8.42 2175 0.389 -0.91 -4.17

For each rum we tabulate TC-F/TC-I, the ratio of the mass fractions of
the final and intermediate TC products at the base of the Iraveling charges
Dp. the particle diameter) I D,M&X, the maximum value of 1ND which occurs in

the solution; the muzzle velocity f-TCI, the value of the mass of the
unburned intermediates at muzzle exit divided by the initial mass of the
traveling charges and As%, Ae%, the final mass and energy defects.

It is evident in Table 3.4 that many of these runs involved an
appreciable quantity of unburned traveling charge intermediates at muzzle
exit. In order to remove the complicating influence of unburned propellant
from the relation between muzzle velocity and flame length, we repeated the
matrix of runs with a particle burn rate calculated to ensure complete
burnout of the intermediates. These results are shown in Table 3.5.
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Table 3.5 Relation Between Muzzle Velocity and Flame Thickness
(TC-I Burn Rate 50.8 am/sec)

a

TC-F/TC-I Dp LNDMAX Muzzle Vel. f-TCI A01 Ae%
cm m/se c

50/50 0.127 0.54 2832 0.000 1.10 0.12

50/50 0.254 1.27 2726 0.000 -1.68 -2.38

50/50 0.381 1.90 2659 0.000 -2.10 -2.77

50/50 0.508 2.50 2604 0.000 -2.17 -2.82

75/25 0.127 0.14 2883 0.000 -0.37 0.54

75/25 0.254 0.33 2824 0.000 -2.23 -1.41

75/25 0.381 0.48 2792 0.000 -2.47 -1.68

75/25 0.508 0.64 2766 0.000 -2.51 -1.77

25/75 0.127 1.12 2774 0.000 1.25 -0.51

25/75 0.254 2.04 2665 0.000 0.95 -2.56

25/75 0.381 2.92 2556 0.000 -0.27 -3.71

25/75 0.508 3.70 2459 0.000 -0.77 -4.23

The results of Tables 3.4 and 3.5 are presented graphically in Figure
3.4. It is evident that, for those data corresponding to complete
combustion, there is quite a good correlation between muzzle velocity and

1NDMAX. We also indicate the muzzle velocities obtained with the ideal

thin flame traveling charge and its conventional equivalent. It is further
evident from Tables 3.4 and 3.5 and from Figure 3.4 that there are solutions
with values of LD,YAX of the order of 0.5 to 1.0 for which the degradation

of traveling charge perfomance onefit is quite mall. Thus we conclude
that a characteristic flme length of one caliber is quite compatible with
the theoretical benefit of the traveling charge. Since Equation (3.2.4) is
a reasonable representation of the distribution of the intermediate species
and since Yo corresponds to a value between 0.25 and 0.75 in these

calculations, we may say that a physical combustion zone thickness of five
to ten calibers appears tolerable without substantial degradation of
perf ormance.
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Te conclude our discussion with one other coment. In Table 3.6 we
examine the effect on performance of the time of ignition of the traveling
charge for the case TC-F/TC-I = 50/50, Dp = 0.508 a in Table 3.5. The

nominal delay is 1.8 msec and we consider a range from 1.4 to 2.4 esec. It
is evident that for this problem there is virtually no dependence of muzzle
velocity on ignition delay. Accordingly, the loss of performance due to
flame thickness cannot be compensated by a change in ignition delay, at
least in this case.

Table 3.6 Effect of TC-Ignition Delay on Finite Flame TC Performance
(TC-F/TC-I = 50/50, Dp = 0.508, B.R. = 50.8 Cm/sec)

TC-Ignition Delay Muzzle Velocity D f-TC A a% Ae%
mse c m/sec

1.4 2575 2.28 0.000 -2.21 -3.08

1.6 2590 2.43 0.000 -2.14 -2.85

1,8 2604 2.50 0.000 -2.17 -2.92

2.0 2605 2.46 0.000 -2.23

2.2 2607 2.39 0.009 -1.79

2.4 2592 2.30 0.044 -0.87 -2 ._
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NMUCLAT E

A Cross-sectional area of flow. Equals area of tube minus
intrusions of reactive sidewalls, unburned ig iter and
projectile afterbody.

B i  Burn rate coefficient.

b Covojume.

c Isentropic sound speed in mixture of combustion products at
constant composition.

Cp Specific heat at constant pressure.

cv Specific heat at constant volume.

Dp PEffective diameter of particle.

d Surface regression.

do  Initi.1 diameter of perforation.

e Internal energy. Thermal component only.

CIG Heat released per unit mass of igniter.

cpi Heat released per unit mass of propellant type j.

e s  Heat released per unit mass of sidewall.

f$ Steady-state interphase drag.

fw Friction force beteen traveling charge and tube wall.

90 Constant used to reconcile units of measurement.

J Total number of types of solid propellant.

K Total number of reactions in mixture of combustion prcducts.

11p Mass of projectile.

MW  Molecular weight.

ij Rate of decomposition per unit volume of propellant type j.

ins Rate of decomposition per unit volume of reactive sidewall.

N Total number of species in mixture of combustion products.
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n i  Burn rate exponent.

p Pressure.

Qk Heat released per unit mass by reaction k.

qw Heat loss per unit volume to tube wall.

Q sj Heat loss per unit volume to propellant type j.

Ru  Universal $as constant.

ik Rate of reaction k per unit volume.

rik Rate of production of species i by reaction k.

rtc Rate of zegression of rear surface of traveling charge.

S p Surface area of a grain.

T Temperature.

t Time.

u Velocity of mixture of combustion products.

up Velocity of solid propellant.

utc Velocity of traveling charge.

Vp Volume of a grain.

Vp Projectile velocity.

Rete of deposition of condensed-phase species i onto surface of
solid proellunt.

Yi Mass fraction of species i in mixture of combustion products.

Yij'O Mass fraction of species i in near field products of combustion of
propellant type j.

1IGi  Mass fraction of species i in products of combustion of igniter.

ysi Mass fraction o reactive sidewall.

z Axial coordinate,
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Greek Symbol s

T Ratio of specific heats.

e Porosity or fraction of unit volume occupied by mixtuxe of
combustion products.

Non-homogeneous tezm in balance equations.

p Density of mixture of combustion products.

pc i  Density of condensed species in mixture of combustion products.

PI( Density of unburned igniter

Ps Density of sidewall.

Ptc Density of traveling charge.

7 Intergranular stress.

0 tc Stress in traveling charge

4Rate of decompositiou of igniter.

Special Symbols

D
Convective derivative along streamline of mixture of combustion

Dt products.

DConvective derivative along solid-propellant.
Dt

p
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APPENDIX:

XNOVAKTC (XKTC)--STRUCTURE AND USE
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Our intention in this Appendix is to provid the user of the code with

some understanding of its macrostruuture and fulL details of the specifica-
tion of input data. We do not attempt to document the code in such detail
as to permit revisions by the user. IKTC is an extension of NOVATC, INOVAT

and XNOVAK which are, in turn, extensions of the express version of the NOVA
Code known as XNOVA. INOVA is a subset of the NOVA Code and certain of the

details of the original versions of the NOVA Code which were deleted in the
preparation of XNOVA are also absent from its successors XNOVAK and INOVAT.

Discussions of the structure of NOVA, NOVATC, XNOVA, XNOVAK and XNOVAT may

be found in earlier reports. 1 ' 3 ' 4 ' 6 ' 2 Although we provide a complete

tabulation of the present set of code subroutines and functions, our general

discussion is confined to the differences between MKTC and its predecessors.

The discussion of structure and of input is contained in the two

following Sections. Before proceeding, however, we wish to draw the user's

attention to certain general restrictions on the use of the code.

First, it should be noted that existing NOVA, XNOVA and NOVATC data

bases cannot be read by XNOVAK, XNVAT or XKTC. Although we always attempt
to maintain data base compatibility between the various code versions,

XNOVAK, XNOVAT and XKTC do require a minor change to pre-existing data

bases. File [M4], described in Table A.5, always consists of two cards in

XNUVAK/XNOVAT/UTC data sets. Pre-existing NOVA, XNOVA and NOVATC data sets
in which File [M41 consisted of just one card may be made compatible with

XNOVAK/XNOVAT/XKTC by the incorporation of a single blank card following the
pre-existing File [M4]. No change is required to pre-existing data bases

for which (M4] already consisted of two cards. A corresponding revision to

XNOVAK/XNOVAT/XKTC data bases is required if they are to be run on NOVATC,
XNCO,'A or NOVA. However, all XNOVAK data bases can be read by XNVAT and
XKTC.

Second, in regard to the summarized solution histories given at the

conclusion of each run, it should be noted that the energy defect calcula-
tion does not presently support the full chemistry option. If intemediate

combustion products are present, the tabulated energy defect may become

quite large. Only the mass defect can be depended upon to gage the accuracy

of the numerical solution in such cases. 7he single exception to this
statement is that of the traveling charge with a finite flame thickness. In
this special case, where there is just one intermediate species, the energy

defect calculation reflects the chemical energy stored in the intermediates.
Moreover, in this special case, the mass fraction calculation for propellant
type three in the summary table is used to tabulate the ratio of the mass of

the unburned intermediates to that of the original traveling charge
increment.
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STXICTUKE AND LINKAGES

A complete summary of the routines and their linkages is given in
Table A.l. The overall macrostructure is unchanged from that of XNOVA as
documented in Reference 4. The following brief comments provide a summary
of the routines which were added to XNOVA to produce INUVAK, the revisions
which subsequently transformed XNOVAK into INOVAT, and the final amalgam of

NOVAT and BlLTC9 to produce XKTC. It should be uoted that we have
previously commented on the fact that [NOVAX was written on a 32-bit word
machine in double precision, 6 and that users who implement the Code on a 60-
bit machine such as the CYBfl 7600 might wish to convert the Code to single
precision. The version of INOVAK used to develop XKTC was implemented on
the CYBEP. at BM. as a single precision code. Accordingly, XKTC is a single
precision code and it follows that implementation of lKC on a 32-bit word
machine should incorporate a conversion to double pr:cision.

Routines Added in Preparation of XNOVAK

XNOVAK was developed as an extens'on of XNOVA. Accordingly, XNOVA is a
subset of both XNOVAK and NOVA. Moreover, in developing XNOVAK it was found
necessary to restore certain -apabilities which had been removed from NOVA
during the preparation oAI XNOVA. Specifically, we restored the invariant
embedding solution for the thermal response of the solid propellant. T'hus,
in addition to the capabilities of XN VA, XNUVAK and NOVA also share a
transient combustion modeling capability.

The NOVA routines restored to XNOVAK were CMBUST, FBAK, IMBED and ROOT
together with vecessary I/O linkages. The routines were then modified to
support the INOVAK features of subsurface reactivity and the evaporative
boundary condition. New routines added to support the kinetics option
included QIEMR, (CEMRS, CONLOS, COMC and GAIO(OL. The new routine FILLBR
implements the analysis of the rear filler elements and was created by
making appropriate editing changes to the pre-existing routine FILLER. One
additional routine, AVN, was included for the purpose of documenting Code
revisions and printing the version nuber on each run.

Routines Added in Preparation of XNOVAT

Several routines were required to produce XNOVAT. Subroutine INIRPC
determines the rate of combustion of the reactive layers ascribed to the
tube wall, the centerline, and the projectile afterbody. To support the new
form functions we have added the routines BLSL, HEX19, and SLIVER. To treat
the reactivity and flow resistance of the endwalls of the bundles of pro-
pellant we added the routines CALFLO, CALPRM, FLUX, FLUXIR AND TDBCAL, all
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of which were adapted from the TIDNOVA Code. 5 The routine TIBUF acts as a
link between the existing boundary value solver BCAL and the routine TOBCAL.
In addition we added the routines JCON, SETSUB and RCASE which perform
various utility functions.

Structure of NOVATC

XKTC was essentially formed by sgbstituting INOVAT in place of XNOV§ in
the previously developed NOVATC Code. 3  As we have previously discussed,
NOVATC is an amalgam of INOVA and BRLTC. 4 , 9

In forming the amalgam care was taken to minimize cross-contamination
of the coding. The approach was to take BRLTC and delete all references to
the flow behind the base of the traveling charge while retaining the
storage, data reads and processing pertinent to the regression of the
surface, the traveling charge and the pro ectile. This stripped down code
was linked to a compilete version of XNOVA4 in which a minimal number of
linking subroutine calls were placed. Although a more tightly written code
could have been developed it would have been more difficult to maintain such
a code iu a form compatible with future versions of XNOVA and BILTC. Also,
it is the case that XNOVA and BRLTC have many variables *hose Fort:zan names
are identical, but whose meanings differ and, conversely, some variables
with different names but identical meanings.

It will be noted in Table A.1 that all routines pertinent to the
traveling charge have the prefix TC. A single routine, TQINK, hais the
function of reconciling the storage conventions of the two codes and of
passing data between them. Processing follows the usual NOVA conventions
with the traveling charge logic activated at a number of places. NOVSUB
calls TCDATA and TQINK to read and initialize data. L41EG calls TCLqINK,
TCOUT to print the solutions and TCBR4 to determine the traveling charge
time step constiainL. INTftL calls TCLINK and TCXC, the main integration
executive for the traveling charge. TABLES calls TLINK. It was also
necessary to restructure slightly the routines BCAL and BDMOV.

Routines Added in Preparation of XKTC

The approach followed in the development of NOVATC made the replacement
of XNOVA by XNOVAT fairly straightforward. It should be oted, however,
that the present effort involved substantial exercising of the algorithm and
several revisions were made to the Anaiysiz of the boundary values at the
base of the burning traveling charge. Accordingly, the versions of TCLINK
and TCOASE used here differ foom those in earlier versions of NOVATC.
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Apart from linking the kinetics, tank gun and traveling charge options
in a physically complete fashion, it was necessary to add several new
routines in the development of XKTC. Subroutine GETLS computes the values
of L* for the intermediate products of combustion of the traveling charge.
ATAI enforces the attachment of a propellant type to the tube or to the
projectile. Subroutine LPBV provides an update of the combustion chamber of
a control charge. It is supported by FORMCR which computes the form
functions, and by the previously developed NVA routine FRATE which computes
mass transfer rates.

DESMRIflII(N OF INPUT FILES

We preface the detailed description of the input file structure with
some general observations. We note, in particular, the nomenclature for the
definition of the geometry of the propelling charge.

Figure A.1 illustrates a charge configuration which does not make use
of the tank gun option (JEDET = 0). We illustrate th' base of the pro-
jectile, an arbitrary number of filler elements -- some at the rear and some
at the front of the charge -- and two types of propellant, the first of
which is in two increments, the latter increment overlapping that of the
second propellant. The figure also illustrates the significance of the
input data ZGR, XEL, XBL and ZBPR,

Figure A.2 illustrates a charge configuration which does make use of
the tank gun option (MDDET 1). We illustrate the intrusion of the
projectile afterbody into the combustion chamber, the reactive layers on the
tube wall, the centerline and the projectile afterbody, and three types of
propellant, the first of which is present as two increments. To the rear of
the afterbody we represent the three types of propellant as being parallel
packaged and we illustrate the significance of the input data RGRI and RGR1.

Figures A.1 and A.2 both assume that the propellant is of the
conventional type Figure A.3 illustrates a charge configuration in which a
traveling charge is present. We note that the traveling charge may consist
of several increments, each having distinct mechanical and thermochemical
properties. The simulation of the traveling charge may be performed in
conjunction with an arbitrarily configured conventional charge. It is
assumed, however, that when the traveling charge is present there are no
compactible filler materials at the front of the chamber, as in Figure A.l.
and that the projectile does not have an afterbody as in Figure A.2.
Reactive sidewalls may nevertheless be present, as shown in Figure A.3.
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Input to XKTC consists of XNOVAT data followed by a subset of the BRLTC
data base when the traveling charge option is selected in the control data
field if XKTC. Tables A.2, A.3 and A.4 enumerate the "Mandatory",
Cont'agent and Traveling Charge data files. The files prefixed with an M
are always mandatory in XNOVAT. Here, File [M13] is optional. We have
retained the file labels of XNOVAT, in spite of this minor inconsistency, to
promote commonalitq mong the various codes.

The enumeration of the M and C files follows that for the NOVA Code.
We have attempted to maximize the compatibility of XKrC, XNOVAT. XNOVAK,
XNOVATC, XNOVA and NOVA data bases. As noted in the introduction to this
appendix, compatibility is complete with the possible exception of File
[W4]. In XKTC, XNOVAT and XNOVAK, File [M4] always consists of two cards.
In XNOVATC, XNOVA and NOVA it may consist of either one or two cards.
Existing NOVATC, XNOVA and NOVA data sets for which File [M4] consists of
only one card may be made compatible with XKTC, XNOVAT and XNVAK by the
insertion of a single blank card after the existing [M4] data card. NOVA
files not supported by XKTC, XNOVAT and fl4OVAK are read and subsequently
iqnored. The tabulation of data by XKTC only includes those elements which
are supported.

All mandatory files, Table A.2, are common to all codes. However, not
all the members of every file are supported by XKTC, XNOVAT and XNOVAK. The
detailed definition of the input files given in Table A.5 describes all the
elements which are supported and simply denotes the others as "Inactive."
Thoso contingent files, Table A.3, which are supported are defined while the
otthc;rs are denoted as "not supported." Only those contingant files which
are s:'pported by XKTC appear in the detailed discussion of Table A.5.

The pcogry input file are structured to permit the running of only
one probler, at a time. A problem may be restarted from disc, provided
suitable opLions have been s"lected in a prior run. Each problem may be
terminated acccrding to a criterion of number of integration steps, pro-
jectile displacement or problem time. Termination occurs at whichevor of
the three criteria is first satisfied.

It should be noted that file counters are edited by subroutine NOUVJB
to establish their conformality with internal storage dimensions. However,
other data are not edited, and it is recommended that the program user
perfom a first run on a iew problem with termination set to follow initial
set-up, so that all data may be validated.
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The following notes (1) - (10) apply whether or not the traveling
charge option is exercised, Subsequent notes (11) - (16) pertain to the
traveling charge option.

(1) For problems involving only granular propellant, the representations of
the grain distributions are arbitrary. The granular propellants may doubly
or triply overlap. However, a region occupied by stick propellant may not
be shared by any other type unless MODET = 1. IF )VDET = 1, it is
permissible to have an increment of stick propellant parallel packaged with
another increment of stick or granular propellant. The monolithic charge is
not permitted to share a cross-section of the tube with any other type. If
a given type is specified as bonded to the tube or projectile, the bondiag
will be preswned to apply to any other propellant which shares a region with
the given type.

(2) The mode of representation of one type of propellant is independent of

the mode of representation of any other. If tables of volume fractions are
used, it should be recalled that the volume fraction is the complement of
the porosity, being zero when no propellant is prestit and increasing to
unity as the pore volume vanishes. The volume iraction defaults to zero
outside the range of positions defined by the tables.

(3) An internal boundary is identified at any location in which any volume
fraction is discontinuous. Thus an internal boundary ma7 be established at
a point at which the porosity is continuous.

(4) Absolutely no restrictions, other than that on note (1), are placed on
the relative positions of -he bags of propellant. Aftcr the data are read,
they are all converted internally to volume fraction tables. These are all
then scanned to create a list of internal boundary positions. This list is
then sorted to put them into order and to define the computat 4 onal regions.

(5) The right-hand boundary is always set equal to XEL(l). If NEL = 0,
XEL(l) defaults to ZBPR. Similarly, the left-hand boundary is always set
equal to XBL(1). If NBL = 0, XBL(l) defaults to zero. It should be noted
that the configuration of the forward elements is specified by reference to
the position of the left-hand or rear boundary of each element. Conv'ersely,
the configuration of the rear elements is specified by reference to the
position of the right-hard or forward boundary of each clement. In both
csses the elements are ordered so that the first is closest to the
propelling charge.

(6) Although filler elements may be included if JDPET = 1, the coding does
not consider the influence of the afterbody on the behavior of the filler
elements.
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(7) It is emphasized that every case closure element must be accounted for,
including spaces. Any element, other than the first, may be entered as a
space by setting its mass equal to zero.

(8) It is noted that one may use a single element to represent more than
one physical component and that conversely, one may use several elements to
characterize a single component.

(9) The present storage allocation in the code imposes certain restrictions
on the modeling of subsurface reactions in the propellant. It is assumed
that only one type of propellant is present if an invariant embedding
solution of the thermal response is desired (K4ODE = 2 in File [M21). At
most 21 stations are permitted for the analysis of the thermal response. At
most two chemical species can be associated with the subsurface chemistry.
While these limits are thought to be adeqrate for present needs, they may
readily be relaxed by means of changes in certain dimension statements.

(10) It will be noted that the data required when KMODE # 0 Files ([C23.1] -

[C23.61) are to some extent already provided by the data of Files [M7] -

[C7]. The latter data are superseded in such a case and consistency between
the two sets of data is not essential. However, inconsistencies may yield
an apparent energy defect in the summarized interior ballistics table.

(11) Unit 9 is reserved for storage of the traveling charge data if disk
logout is specified.

(12) The code does not support the traveling charge option simultaneously
with the compactible case closure option. It is also assumed that the
projectile has no afterbody if the traveling charge option is exercised.

(13) The code termination data are always specified according to the NOVA
format. The projectile data follow the NOVA format only if the traveling
charge option is not in effect.

(14) Due to the cross-linking of the codes, no more than 98 mesh points and
no more than 9 increments can be specified for the booster region when the
traveling charge option is in effect.

(15) it composition dependent covolume is not considered. The covolume for
the ctl-culation is presently based on the booster charge data according to
the NOVA convention.

(16) The gun tube is assumed to have a constant area in the region occupied
by the unreacted traveling charge.
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TABLE A. 1 SUMMARY OF ROUTINES AND LINKAGES

xInC Purpose: XITC is a dummy main routine which immediately
transfers control to NOVSUB.

Calls: NOV SUB.

Called by: None.

ATACH Purpose: Subroutine ATACE enforces the attachment of a charge

increment to either the tube or the projectile.

Calls: None.

Called by: INTAL.

AVN Purpose: Subroutine AVN is used to document code revisions
and print the version number.

Calls: None.

Called by: NOVSUB.

BCAL Purpose: Subroutine BCAL accepts trial boundary values for
the gas- and solid-phases and adjusts them so as to
satisfy simultaneously the physical and character-
istic boundary conditions.

Calls: COMC, EPTOR, GAMMOL, LUMPS, OUTPUT, PRIDC,
PRTOE, TABLES, TDBUF.

Called by: INTAL.

BI)IOV Purpose: Subroutine BIMOV updates the position of the region
boundaries. It also updates the projectiie
displacement and velocity, making use of FILL1W
and/or FILLBR when case closure elemont, are present.

Calls: FILLBR, FILLER, RCASE, RESFUN, .IHE.

Called by: INTAL.

BLKDAT Purpose: BLDAT performs block data initialization.

Calls: None.

Called by: None.
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BLSL Parpose: Subroutine BLSL computes the volume and surface
area for the blind slit form function during the
slivering phase

Calls: None.

Called by: FORM.

BRNOUT Purpose: Subroutine BRNOUT detects the instant when all the
propellant has been conrumed and thon consolidates
all the computational regions into a single region
with urnifom mesh spacing.

Calls: FITSP, RM121.

Called by: None.

CALFLO Purpose: Subroutine CALFLO computes the rate of reaction of
the surface fluxes associated with the endwalls of
the charge increments.

Calls: None.

Called by: TIVUF.

CALPRM Purpose: Subroutine CALPRM computes the flow resistance co--
efficient for the endwalls of the charge increments.

Calls: None.

Called by: TIJBUF.

CIEMR Purpose: Subroutine CT.%MR computes the effects of chemical
reactions on the species mass fractions in the
combustion product mixture and returns the value of
the heat liberated by chemical reaction.

Calls: None.

Called by: INTAL, LUMPS.
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( MI'S Purpose: Subroutine CNENRS performs a function similar to Ahat
of CHEMRs however it addresses the reactiont within
the solid propellant.

Calls: None.

Called by: IMBED.

(CKBUST Purpose: Subroutine O(BUST interfaces the invariant embedding
solution of the solid propellant thermal response

with the macroscopic two-phase flow.

Coll s: FBAK, IMIED.

Called by: INTEG, NOVSUB.

CONLOS Purpose: Subroutine CONLOS computes the rate of transfer of
condensed species from the combustion product mixture
to tne surface of the solid propellant.

Calls: None.

Called by: HEATP.

COVC Purpose: Functicn COVC computes the covolume of the combustion

product mixture.

Calls: None.

Called by: BCAL, FRICT, HEATP, HEATW, INTAL, INTEG, INIRPC,
LUMPS, REG12, REG32, STATES, T(LINK, TDBCAL, TDBUF.

DINT Purpose: Function DINT performs a truncation of a floating

point variable to its integer part.

Calls: None.

Called by: TABLES.

DPDER Purpose: Function DPDER computes the partial derivative

(p/ae)P for the covolume equation of state.

Calls: None.

Called by: LUMPS.
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DFDRE Purpose: Function DPDRE computes the partial derivative

(ap/ap)e for the covolae equation of state.

Calls: None.

Called by: LD3MPS.

EP"OR Purpose: Function EPTOR evaluates the density as a function
of internal energy and pressure for the covolume

equation of state.

Calls: None.

Called by: BCAL, FRICT, HEATP, EAu, INIRPC, NOVSB, TIMCAL.

FRTOP Purpose: Function ERTOP evaluates the pressure as a function
of internal energy and density for the covolume
equation of state.

Calls: None.

Called by: INTAL, LPVB, LUMPS, NOVSUB, RE312, RI32.

FBAK Purpo,;: Function FBAK computes the temperature gradient
at the surface of the solid propellant taking into
account heat transfer from the igniter and heat
feedback from the flme.

Calls: None.

Called by: C1BUST, NOVSUB.

FILLBR Purpose: Subroutine FILLBR updates the motion of the rear case
closure elements.

Calls: OUTPUT, TABLES.

Called by: BiMOV, NOVSUB.

FILLER Purpose: Subroutine FILLER updates the motion of the forward

case closure elements and the projectile.

Calls: OUTPUT, TABLES.

Called by: BDMOV, NOVSUB.
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FITSP Purpose: Subroutine FITSP sets values of the state variables,
following re-allocation of the mesh, by means of a
cubic spline interpolation scheme.

Calls: SETSUB.

Called by: BINOUT, MSH, NOVSJB.

FLUX Purpose: Subroutine FLUX computes the state of gas at the

boundaries of the reactive endwalls.

Calls: None.

Called by: FLUXDR, TDBCAL.

FLUXDR Purpose: Subroutine FLUXDR computes the derivatives of the
state variables in a lumped parameter region with
respect to the fluxes to that region from the
contiguous continuum regions.

Calls: FLUX.

Called by: TIBUF.

FORM Purpose: Subroutine FORM computes the surface area and volume
of the propellant grains. It is supported by PERF19

which treats the slivering phase of nineteen
perfcration propellant.

Calls: BLSL, HEX19, PERF9.

Called by: INTEG, NOVSUB.

F31RMCR Purpose: Subroutine FCILMCR computes the form functions for

grains used to define a control charge.

Calls: None.

Called by: LPVB.

FRATE Purpose: Function Frate computes the rate of mass transfer
through a nozzle subject to the assumption of
isentropic flow.

Calls: None.

Called by: LPVB.
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7-RICT Purpose: SubroutinA FRICT comprtes the intirphase drag for
granular propellant.

Calls: COVC, EPTOR, VIS.

Called by: INIEG .

GAGOML Purpose: Subroutine GAMWOL computes the ratio of specific
heats and the molecular weight of the combustion

product mixture.

Calls: None.

Called by: BCAL, LUMPS, STATES, T(LINK, TIMCAL, TIBUF.

GETLS Purpose: Subroutine GETLS computes L* values for the
intermediate combustion products of the traveling
charge.

Calls: None.

Called by: INTAL, INThO.

HEATP Purpot-.: Subroutine HEATP determines the interphase heat
transfer, updates the surface temperature of the
solid-phase prior to ignition, and also determines
the interphase drag in stick propellant.

Calls: CONLOS, COVC, EPTOR, VIS.

Called by: INTEG.

HEATW Purpose: Subroutine HEATW dtermines tbe rate of heat transfer
to the tube wall and updates the tube surface

temperature.

Calls: COVC, EPTOR, VIS.

Called by: INTEG, NOVSUB.

REX19 Purpose: Subroutine HEX19 computes the volume and surface

area of nineteen-perforation hexagonal grains.

Calls: SLIVPR.

Called by: FORM.
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IGNITE Purpose: Subroutine IGNITE determine* the time of ignition

of the propellant.

Calls: None.

Called by: INTEG.

IMBED Purpose: Subroutine IMED integrates the thermal profile in
the solid propellant by means of the method of
invariant embedding.

Calls: CHEMRS, ROOT, ROOR.

Called by: CMBUST, NOVSUB.

INTAL Purpose: Subroutine INTAL updates the principal state
variables, p. p. u, a, ua, at all interior
mesh points. It also delermines trial update
boundary values together with characteristic
coefficients which are transmitted to BCAL for
imposition of the physical boundary conditions.

Calls: ATACE, BCAL. BDMOV, CHEMR, COVqC, HITOP, GEILS.
INTRPl, LPVB, £PRTOC, PRTOE. RCASE, RDEDPR, IEO.
TaINK, TCXC.

Called by: INTEG.

INTW Purpose: Subroutine INTEG is the principal integration
executive. It is cycled twice per time step, once
for the predictor leve, and once for the corrector

level. It establishes the constitutive data by calls
te individual subroutines and effects the update of
the principal state variables by a call to INTAL.
IN7EG itself updates the surface regression and
thermal parameter H for the solid-phase and, if
KNODE =0 (File [M2] of Table A.4), it also updates
the molecular weight and ratio of specific heats for
the gas phase.

Calls: CIBUST, COVC, FORM, FRICT, GETLS, BEATP, HEATW,
IGNITE, INTAL, ]NRPC, D4W.l, INIRP2, ;CON, LESH,

OUTPUT, PFRTOC. RBGRES, STAIS, TABLFS, TCHR4, T(LTINK,
TCOUT, TEPMIN, VOIDS, WALTEY.

Called by: NOV JB.
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INIRPC Purpose: Subroutine IN'RPC computes the local mass additica
due to combustion of the reactive sidewalls.

Calls: COVC, EPrOR, JCDN, RCASE, VIS.

Called by: INTEG, NOVS B.

INTRP1 Purpose: Subroutine INTRPI determines the cross-sectional area
of the tube at each mesh point, including an
allowance for the unburned portion of the primer.

Calls: J CN.

Called by: INTAL, INIEG, NOVbIJB, REG12, REG21, REG32, TABLES.

INIRP2 Purpose: Subroutine !4IRF2 computes the rate of discharge of

the igniter at each mesh point.

Calls: None.

Called by: INTEG, NOVSUB, REGl2, REG32.

JCON Purpose: Function ICON locates the nearest continuum mesh
point.

Calls: None.

Called by: INTEG, INUIPC, INTRP1, LUMPS.

LPDATA Purpose: Subroutine LPDATA converts the XNOVA data base
into an equivalent data base for a lumped parameter
interior ballistic model.

Calls: None.

Called by: NOVSUB.

LPVB Purpose: Subroutine LPVB updates the st&te of the control
charge combustion chamber and prepares data to permit
the mass transfer to the chamber of the gun to be
represented as a source term.

Calls: R. .1P, FcMCR, FRATE.

Called by: INTALo NOV SUB.



LUMPS Purpose: Subroutine LUMPS provides a trial update of the state
of all lumped parameter regions. It also computes
derivatives of the state variables with respect to
the mass fluxes to the lumped parameter region.
These are used by BCAL to enforce the physical
boundary conditions.

Calls: CIEMR, COVC, DPDER, DPDRE, ERIOP, GAMMOL, JCON,
RCASE.

Called by: BCAL, TM UF.

MESH Purpose: Subroutine MESH determines the level of modeling of
each region and assigns mesh points to the continuum
regions on the basis of their relative sizes.

Calls: FITSP, OUTPUT, REG12, REG21, RBG32, STATES.

Called by: INTEG, NOVSUB.

NOVSUB Purpose: Subroutine NOVSUB reads and prints the input data
used to define the problem. NOVSJB also performs all
the initialization of variables which is not accom-
plished through BLKDAT. Some of the initialization
is performed by executing a call to certain
subroutines with an appropriately set switch.
Following initialization, NOVSUB transfers program
control to INTEG.

Calls: AVN, CMBUST, EPTOR, ERIOP, FBAK, FILIBR, FILLER,
FIISP, FORM, HEATW, IMBED, INTEG, INIRPC, INTRPl,
INIRP2, LPDATA, LWVB, MESH, SETSUB, TABLES, TCDATA,
TCINIT, T(LINK.

Called by: HXTC.

OUTPUT Purpose: Subroutine OUTPUT is responsible for logout of the
solution to the printer and/or direct access device
unit 8.

Call s: TABLES.

Called by: BCAL, FILLBR, FILLER, INTEG, MESH,
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PERF19 Purpose: Subroutine PERF19 computes the surface area and
covolume of nineteen-perforation propellant during
the slivering phase.

Calls: None.

Call ed by: FORM.

PRTOC Purpose: Function PRTOC computes the square of the speed of
sound according to the covolume equation of state.

Calls: None.

Called by: BCAL, INTAL, INTEG, TDBUF.

PRTOE Purpose: Function PRTOE computes the internal energy from the
pressure and density according to the covolume
equation of state.

Calls: None.

Called by: BCAL, INTAL, STATES, TCLINK, TUBCAL, TDBUF.

RCASE Purpose: Subroutine RCASE determines the density of the case
as a function of pressure.

Calls: None.

Called by: BDMOV, INTAL, INIRPC, LUMPS.

RDEIPR Purpose: Function RDEIDPR computes the quantity pge/Dp)p

according to the covolume equation of state.

Calls: None.

Called by: INTAL.

RBGRES Purpose: Subroutine REGRES computes the rate of regression of

the surface of the propellant.

Calls: None.

Called by: INTEG.
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RBG12 Purpose: Subroutine RBG12 transforms data for a region of
continuum ullage into data for a region of lumped
parameter ullage.

Calls: COVC, 1RTOP, INIRP1, INIRP2.

Called by: MESH.

RBG21 Purpose: Subroutine RBG21 transforms data for a region of
lumped parameter ullage into data for a region of
continuum ullage.

Calls: IN]IP1.

Called by: BRNOUT, NESH.

RBG32 Purpose: Subroutine RBG32 sets initial data for a lumped
parameter region of ullage which is newly opened.

Calls: COVC, ERDP, INRP1, INIRP2.

Called by: MESH.

RESFUN Purpose: Function RESFUN computes the resistance to projectile
motion due to interference of the rotating band with
the Sun tube.

Calls: None.

Called by: BDMOV.

RHEO Purpose: Subroutine IEBO computes the rate of propagation of
intergranular disturbances.

Calls: None.

Called by: BDI4OV, INTAL.

ROOT Purpose: Subroutine ROOT selects a nw value for the solution
of an arbitrary equation by the method of regula
fal si.

Calls: None.

Called by: IMBED.
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ROOIR Purpose: Subroutine ROOR is similar to ROOT, but contains
additional logic for the situation in which the
slope of the test function vanishes.

Call s: None.

Called by: IMBED.

SETSUB Purpose: Subroutine SETSUB sets the reactivity and perne-
ability pointers.

Calls: None.

Called by; FITSP, NOVSUB.

S IVER Purpose: Subroutine .LIVER computes te volume and c-urface
area of nineteen-perforation hexagonal 4 rains during
the slivering phase.

Calls: None.

Called by: HEX19.

STATES Purpose: Subroutine STATES computes certain of the depeudent
state variables from the principal storage arrays for
the gas-phase.

Calls: COVC, GAMMOL, PRTOE.

Called by: INTEG, MESH, TERNIN.

TABLES Purpose: Subroutine TABLES compiles the summary data which
describe the conventional interior ballistic
quantities such as histories of breech and base
pressure and of the projectile trajectory.

Calls: DINT, INIRPI, TCLINK.

Called by: BCAL, FILLBR, FILLER, INTEG, NOVSUB, OUTWlT.
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TCARAC Purpose: Subroutine TCARAC defines characteristic
data in conjunotion with the determination of
boundary values for the traveling charge
when modeled as a continuum.

Calls: TCIR2, TCDSDR.

Called by: TCBASE, TCBPR, TCOGTC.

TCBASE Purpose: Subroutine TCBASE determines the regression
rate of the traveling charge and provides
trial boundary values for the unreacted side.

Calls: TCARAC, TCBUPN, TCDSDR, TCIG, TCLINK, TCPROP,
TCRESP, TCRNOM.

Called by: TCXC.

TORMDC Purpose: Subroutine TCBMDC computes mechanical
properties of the traveling charge when its
rheology is specified in tabular format.

Calls: ISCICU (An IMSL routine).

Called by: TCDATA, TCDSDR, TCRNOM, TCSNOY.

TCBPR Purpose: Subroutine T(CPR updates the boundary values
of the iwaveling charge at the base of the
projectile

Calls: TCARAC, TCDSDR, TCRNOM.

Called by: TCXC.

TCBR1 Purpose: Subroutine TCBRI initializes the computational
arrays associated with the traveling charge.

Calls: TCRFIT, TCRNOM.

Called by: TCINIIT.
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T(BR2 Purpose: Subroutine T(CR2 moves the trsveling charge
computational arrays into working arrays. This
routine performs a trivial function in the
present code but it is retained in order to
maintain structural commonality with BRLTC where
its function is non-%rivial.

Calls: None.

Called by: TCARAC, TCRR3, TCBR4, TCOUT.

T(R3 Purpose: Subroutine TCBR3 updates the state variables for

the traveling charge at all internal mesh points.

Calls: TCBIR2, TCDSDR, TCWFR.

Called by: TCXC.

TQ3R4 Purpose: Subroutine TCBR4 determines the CFL time step
restriction for the traveling charge.

Calls: TieR2, TCDSDR, TaIANK.

Called by: INTEG.

TCBURN Purpose: Subroutine TCBURN calculates the regression rate
of the traveling charge when specified as an
empirical function of pressure (on the reacted
side) or stress (on the unreacted side).

Calls: TCDVDI.

Called by: TCBASE.

TCDATA Purpose: Subroutine TCDATA reads and prints the input data
associated with the traveling charge.

Calls: TCBMDC, TCIN1T.

Called by: NOVSUB.

TCDSDR Purpose: Function TCDSDR calculate& ',Ie spee of sound in
the traveling charge.

Calls: TCHMDC, TCSNOM.

Called by: TCARAC, TCBASE, TCBPR, TCBR3, TCBR4, TC(1NTC.
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TCDVDI Purpose: Subroutine TC)VDI performs interpolation by the

method of divided differences.

Call s: None.

Called by: TCHURN.

TCGETK Purpose: Subroutine TCXGETK updates the ordinary
differential equations associated with the
traveling charge.

Calls: TCRESP.

Called by: TCXC.

TCIG Purpose: Subroutine TCIG determines the time at which

ignition occurs for the traveling charge.

Calls: None.

Called by: TCBASE.

TCINIT Purpose: Subroutine TCINIT performs the initialization of
constants and pointers for the traveling charge.

Calls: TCBR1, TCRFIT, TCVUPD.

Called by: NOVSUB, TCDATA.

TQLINK Purpose: Subroutine TCLINK transfers data between the NOVA

routines and the BRLTC routines.

Calls: COVC, GAJOIL, PRTOE, TCPROP.

Called by: INTAL, INTEG, NOVSUB, TABLE, TCBASE, TCBR4,
TCOU T, TCXC.

TCONTC Purpose: Subroutine TCONTC updates the boundary values for
the traveling charge at the interfaces between
increments.

Calls: TCARAC, TCDSDR, TCRNOM.

Called by- TCXC.
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TUOUT Purpose: Subroutine TOUT performs the logout of the
traveling charge state variables.

Calls: TCBJR2, TCLINK.

Called by: INTEG.

TCPROP Purpose: Subroutine TCPROP moves the traveling charge

property data from vector into scalar storage.

Calls: None.

Called by: TCBASE, TLINK.

TCRESP Purpose: Subroutine TCRESP computes the resistance on
the projectile when the traveling charge option
is in effect.

Calls: None.

Called by: TCHASE, TOGErK.

TCRFIT Puz'pose: Subroutine TCRFIT perfoms the mesh allocation
for the traveling charge and the interpolation of
data associated with revisions to the number of
points.

Calls: None.

Called by: T(BR1, TCINIT, TCXC.

TCRNOM Purpose: Function TCRNOM computes the density of the
traveling charge as a function of pressure on the
nominal loading curve.

Calls; TCBMDC.

Called by: TCBASE, TCBPR, TCBR1, TCONTC.

TCSQIK Purpose: Subroutize TCSCHK enforces the requirement that
the pressure in the traveling charge not exceed
the nominal loading value for the current value
of density.

Calls: TCSNOM.

Called by: TCXC.
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TCSNOM Purpose: Function TCSNOM computes the pressure in the
traveling charge as a function of density on
the nominal loading curve.

Calls: TCBMDC.

Called by: TCDSDR, TCSCIH.

TCVCHK Purpose: Subroutine TCVCHK checks that the velocity in
the traveling charge has not been reversed as a
consequence of the friction term.

Calls: None.

Called by: TCXC.

TCVUPD Purpose: Subroutine TCVUPD updates the continuum boundary

velocities for the traveling charge.

Calls: None.

Called by: TCINIT, TCXC.

TCWFR Purpose: Subroutine TCWFR computes the friction between

the traveling charge and the tube wall.

Calls: None.

Called by: TCBR3.

TCXC Purpose: Subroutine TCXC is the integration executive for
the traveling charge state variables.

Calls: TWHASE, TWBPR. TCB3, TWUErK, TCLINK, TCOXNTC,
TCRFIT, TCS(BK, TCVCUK, TCVUPD, TCZUPD.

Called by: INTAL.

TCZUPD Purpose: Subroutine TCZIPD updates the positions of the
continuum boundaries associated with the
traveling charge.

Calls: None.

Called by: TCXC.
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TDBCAL Purpose: Subroutine TIBCAL uses the physical boundary
conditions and the characteristic fors to determine
the boundary values at each time step.

Calls: COVC, EPTOR, FLUX, GANMOL, PRTCE.

Called by: TDBUF.

TDBUF Purpose: Subroutine TDBUF acts as an interface from the NOVA
storage conventions to those of the solver TDBCAL.

Calls: CALFLO, CALPRM, CDVC, FLUXDR, GAMN)UL, LUMPS. PRTOC.
PRTOE, ITMCAL.

Called by: BCAL.

TERMIN Purpose: Subroutine TERMIN tests for the termination of the
calculation.

Call s: STATES.

Called by: INThG.

VIS Purpose: Function VIS computes the viscosity of the gas-phase

as a function of temperature.

Calls: None.

Called by: FRICT, HEATP, HEATW, INIRPC.

VOIDS Purpose: Subroutine VOIDS updates the volue fractions of each
of the constituent solid-phase species from the
history of the porosity.

Calls: None.

Called by: INTEG.

WALTI M Purpose: Subroutine WALTEM updates the thermal equation for
the tube wall temperature determined according to a
cubic profile approximation.

Calls: None.

Called by: INTEG.
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TABLE A. 2 SUMMARY OF XIKTC "PANDATORY" INPUT FILES

FILE NUMER FILE NAME

Ml Problem Name

M2 Control Data

M3 Integration Parameters

M4 File Counters

M5 Properties of Ambient Gas

M6 General Properties of Propellant Bed

M7 Ith Propellant Type, Location and Mass

M8 Ith Propellant Foza Function Data

M9 Ith Propellant Rheology

M10 Ith Propellant Solid-Phase Themochemistry

Ml Ith Propellant Gas-Phase Thermochemistry

M12 Tube Geometry

M13 Projectile and Rifling Characteristics

* File M13 is not mandatory in XKTC. It is required only if the

traveling charge option is not exercised.
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TABLE A. 3 SUMMARY OF XKTC CONTINGENT INPUT FILES

FILE NMBER FMLE NAME

Cl Logout Counters

C2 Erosive Burn Rate Parameters

C3 Not Supported.

C4 Position and Mass of Additional Bags of
Ith Propellant

C5 Distribution of Volume Fraction of
Ith Propellant

C5.1 Ith Propellant Port Diameter File Counter

C5.2 Ith Propellant Port Diameter

C6 Not Supported.

C7 Ith Propellant D-terred Layer Properties

CS Igniter Themochemistry

C9 Igniter Discharge Times

ClO Igniter Discharge Positions

ClI Igniter Rate of Discharge

C12 Bore Resistance

C13 Tube Thermal Properties

C14 Tube Initial Temperature Profile

C15 Not Supported.

C16 Not Supported.

C17 Not Supported.

C18 Ith Fcrward Ccmpactible Filler Element Proparties

C19 Constitutive Data for Ith Forward Element

C19.1 Ith Rear Compactible Filler Element Properties

C19.2 Constitutive Data for Ith Rear Element

C20 Not Supported.

C21 Not Supported.

C22 Not Supported.
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TABLE A.3 continued

FILE NUMBILJ FILE NAME

C23 Positions for Pressure Table Storage

C23.01 Projectile Afterbody Pressure History Option

C23.1 Kinetics Option Counters

C23.2 Properties of Species

C23.3 Composition of Propellant Near Field Combustion
Products

C23 .4 Composition of Igniter Discharge Combustion Products

C23.5 Composition of Initial Ambient Gas

C23.6 Initial Composition of Solid Propellant

C23.61 Composition of Traveling Charge Near Field
Combustion Products

C23.62 Types of Reactions in Mixture of Combustion Products

C23.63 Species Thermal Equilibration Switches

C23.7 Description of Arrhenius Reactions in Mixture of
Combustion Products

(23.71 Description of Pressure-Dependent Reactions in
Mixture of Combustion Products

C23.8 Description of Reactions in Solid Propellant

C23.9 Solid Propellant Thermal Response Parameters

C24 Parameters to Define Mesh in Invariant Embedding
Analysis

C25 Tank Gun Option Control Data

'.5.1 Geometry of Projectile Afterbody

25.2 Thickness and Density Counters for Reactive Layer I

C25.3 Thickness of Reactive Layer I

C'5.31 Segment Pointers for Reactive Layer I

C25.4 Density of Reactive Layer I

C25.5 Counter to Describe Discharge of Reactive Layer I

C25.6 Positions to Describe Discharge of Reactive Layer I
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TABLE A.3 continued

FILE NUMBER FILE NAME

C25.7 Times to Describe Discharge of Reactive Layer I

C25.8 Rate of Discharge of Reactive Layer I

C25.9 Burn Rate Counters for Reactive Layer I

C26 Burn Rate Data for Reactive Layer I

C26.1 Ignition Data for Reactive Layer I

C26.2 Themochemical Data for Reactive Layer I

C26.21 Composition of Reactive Layer Near Field Comustion
Products

C26.3 Propertics of Deterred Layer of Reactive Layer 1

C26.4 Endwall Property Pointers

C26.5 Permeability Model Data

C26.6 File Counters for K-th Reactivity Model

C26.7 Thermochemical Data for I-th Reactivity Model

C26.71 Composition of Near Field Combustion Products of
I-th Reactivity Model

C26.8 Ignition Value for I-th Reactivity Model

C26.9 Burn Rate Data for I-th Reactivity Model

C27 Tabular Description of I-th Reactivity Model

C28 Internal Properties of Control Charge Combustion
Chamber

C28.1 External Properties of Control Charge Combustion

Chamber

C28.2 Control Charge Type

C28.3 Control Charge Forn Function

C28.4 Control Charge Burn Rate Counter

C28.5 Control Charge Burn Rate Description

C28.6 Control Charge Thermochemistry

C28.7 Properties of Deterred Layer
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TABLE A.4 SUM3ARY OF XrTC TRAVELING MIARGE INPUT FILES

File Number File Name

TC1 Traveling Charge Control Data

TC2 esh Parmeters

TC3 General Properties

TC4 Propellant Themochemical Properties

TCS Burn Rate Switches

TC6 Tabular Burn Rate Data

TC7 Tabular Burn Rate Data (cont'd)

TC8 Exponentiial Burn Rate Data

TC9 Propellant Analytical Rheology Data

TC10 Propellant Tabular theology Data

TCll Propellant Tabular Rheology Data (contd)

TC12 Ablative Film Data

TC13 Propellant Friction Data

TC14 Tabular Bore Resistance Data

TC15 Barrel Shock Resistance Data

TC16 Obturator Setback Resistance Data

TC17 Obturator Friction Data
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TABLE A. 5 DESCRIPTION OF INPUT FILES

File [M1] 'Problem Name' (15M) One Card

TITLE Problem name. May be up to 60 alphanmeric characters.

File [W2 "Control Data (71,3311) One Card

NPIINT 1 if print on logout, 0 otherwise.

NM3RAPH Inactive.

NDISK I if disc write on logout, 0 otherwise.

DSKRD 1 if disc start, 0 otherwise.

ThTABL 1 if summarized interior ballistic data are required,
0 otherwise.

NFLAM 1 if summary of ignition delay data required,
0 otherwise.

NPrABL 1 if summarized pressure, pressure difference data are
required,
0 othorvise.

NEOS 1 if erosive effect to be included in propellant combustion,
0 otherwise. If NEROS = 1, File [C2] is required.

ND7N Inactive.

NEITW 0 if wall temperature is not updated.
1 if cubic profile update is used.

NBC(1) Inactive.

NBC(2) Inactive.

NRES(1) Inactive.

NRES(2) Inactive.

LDBED 0 if propellant beds initially unoompacted,
1 otherwise. See comment in File (149].
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JHTW 0 if heat loss to tube is neglected.
1 if heat loss is calculated by empirical correlation for
fully developed turbulent flow. File [C13] is required.

LYER Inactive.

IBRES I if linear interpolation of tabular data from File [C12] is
used to define bore resistance. No velocity dependence is
considered.
2 if the interpolated value is multiplied by 7.2V - ' , where
V is the projectile velocity (ft/sec), provided V - 27 fps.
3 if the interpolated value is multiplied by
(I + 0.0004414V)/(1 + 0.005046V) where V is the projectile
velocity (in/sec).
If any other value is used, IBRES will default to the value 2.

NTC 0 if traveling charge option not required.
I if traveling charge option is in effect.
When NTC = 1, NUNIN and NUNOUT (File [W3]) must not be entered
as nine (default values are eight)p NEL (File [M4]) must be
entered as zeroo NDIM (File [M3]) must not exceed ninety-eight
for a granular booster or forty-nine for a stick booster.
Files [TC1] through [TC171 are required.

INHIB(1) 0 if propellant type 1 does not have a deterred layer.
I if propellant type 1 does have a deterred layer.
File [C7] is required in this case.

IMIB(2) As per INHIB(1), but for second propellant type.

INBIB(3) As per INRIB(1), but for third propellant type.

NXCW Inactive.

BLIWN Ina c t ive.

NSWSOL 0 if non-conservative fom of solid-phase continuity equation
is to be used.
1 if conservative fom is to be used. It is recommended that
this option be selected only if excessive mass defects result
from the use of the non-conservative form.

KMDDE 0 if kinetics option not desired.
1 if gas-phase is to be treated as a reacting, homogeneous
mixture. See Files [C23.1] through [C23.9].
2 if, in addition to treatment of gas-phase as a mixture,
subsurface reactivity and/or finite difference solotion of
solid-phase thermal response is desired. See Files [C23.11
through [C2.3.9] .
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M3DET 0 if tank gun option not desired.
1 if tank gun option is desired. See Files (C25.1] through
[C27].

NECHO 0 if interpretation of input and normal run desired.
1 if input data not interpreted but normal run desired.
2 if interpretation of input data with no subsequent run
desired.

Note: Independently of the value of NECHO, the Code prints an image of the
card input file.

File [M3] "Integration Parameters" (615,F1O.0/F10.0) Two Cards

NDIM Number of grid points to be used in calculation. In general,
NDIM must not exceed 99. If perforated stick propellant is
present, NDIM must not exceed 49.

NSTEP Number of integration steps before logout. (Each step
consists of a prudictor followed by a corrector.) If
NSTEP = 0. logout follows every predictor as well as evcry
corrector. If NSTEP < 0, File [C1] is required with INSTEPI
pairs of data. NSTEP 2 -10.

NDTST Step number for disc start.

NSTOP Number of steps for termination.

NUNIN Unit number for disc read. If NUNIN = 0, it is defaulted
to 8.

NUNOUT Unit number for disc logout. If NUNOUT = 0, it is defaulted
to 8.

DTPRT Time interval before logout (sec). If entered as zero, it is

defaulted to 1010.

TTP Time for termination (sec).

ZS TP Projectile travel for termination (in).

TINT Maximum time step (sec).

SAFE Stability safety factor. Recommended value is 1.1 although
larger values may sometimes be required.

OIUT Stability safety factor for source terms. Recommended value
is 0.05.
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RZOLV Spatial resolution factor. Recommended range of values is
0.01 RZOLV 0.05. If RZOLV is entered as zero, it will
Jefault internally to i/(INIM - 1).

TABLIBe0 Time interval for storage of summarized interior ballistic
data.

TA13LP* Time interval for pressure table storage.

Termination occurs at whichever of NSTOP, TSTOP or ZSTOP is first
satisfied.

** Table sizes are dimensioned to 100. When overflow is imminent, tables
are condensed by deleting every second datu. Subsequently, storage
time is doubled.

File [C1] "Logout Counters' (1615) Ore or Two Cards

N.B. File required if and only if NSTEP < 0. (See File I3].)

NDIEP(l) Maximum value of integration step number for whici
STEP(l) is to be used.

MSTEP(1) Number of integratioL steps (predictor plus corrector
count as one unit) between logout cycles.

NDTEP(INSTEPI)* Maximum value of integration step number for which
MSTEP(INSTEPI) is to be used.

MSTEP(INSTEPI) Corresponding value of number of steps between logout
cycles.

If tNYEP(INSTEPI) is exceeded during the calculation, the value
MSTEP(INSTEPI) will be used as a default quantity.
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File [1(4] "File Counters' (1615) Two Cards

NSTA Number of entries in tube geometry table. 2 _ NSTA - 10.

YJ Number of times at which primer discharge is specified.
o 3_ 40.
If II and JJ k 2, Files [C8] - [Cli] are required.

II Number of positions at which primer discharge is specified.
0 S II 5 40.

NBRES Number of entries in bore resistance table.
0 . NBRES 5-20.
If NBRES 2, File [C12] is required.

NTEM Number of entries in tube initial temperature profile.
If N1EM = 0, tube temperature defaults to TEMST (see
File EMS]). If NTEM 0, File [C14] is required.
0 - NTEM 1 10.

NEL Number of elements to characterize compactible filler
between bed and projectile. If NEL = 0, projectile base
is taken as right-hand boundary for computational domain.
If NEL # 0, File [C18] is required. 0 - NEL _ 10.

NPROP Number of types of propellant grains. I - NPROP 5 3.

NBRDS Number of burn rate data sets to describe pressure
dependence of exponent and pre-exponential factors.
See File (M10]. Note that t.he some value is assumed for
all propellant species, if more than one are defined.

NEPS(1) Number of entries in initial distribation of volume
fraction of propellant type 1. If NEPS = 0, porosity is
calculated froin mass and position data given in File [M7].
If NEPS A 0, File [C5] is required. Propellant types may
be entered in either mode, independently of the
representation of other types. 0 S NEPS(1) 5 10.

NEPS(2) Number of entries for type 2.

NEPS(3) Number of entries for type 3.

NZFr Number of entries in table of positions for summarized
pressure data. If NZlq $ 0, File [C23] is required.
0 5 W ?Pr S 8.

N1S(i) Inactive.
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NNS(2) Inactive.

NNIB Inactive.

)MRE(1) Number of additional bags of propellant of type 1.
if MORE(1) > 0, File [C4] is required. 0 -MORE(1) _ 9.

MORE(2) Number of additional bags of propellant of type 2. Only
required if NPROP 2 2. Starts a new card.

M)RE(3) Number of additional bags of propellant of type 3. Only
required if NPROP - 3.

NBL Number of elements to characterize compactible filler
between bed and breech. If NBL 0 0, File [C19.1] is
required. 0 S NBL 10.

File [MS] "Properties of Ambient Gas' (SF10.0) One Card

TEMST Initial temperature (R).

PST Initial pressure (psi).

GMST Molecular weight (lbm/lbmol).

GAMST Ratio of specific heats (-).

File [M6] "General Properties of Propellant Bed" (SF10.0) One Card

TPO Initial temperature (R).

File [C2] "Erosive Burn Rate Parameters" (SF10.0) Cie Card

N.B. File required if and only if NEROS = 1. (See File [M2].)

CEReS Erosive burning pre-exponential factor (in' *R/lbf).

BEPOS Erosive burning exponential factor (-).
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Note: The subsequent files [M7], [C4], [C51, [M8]. [M91 [M10], [C6].
[Mll] and [C7] are repeated, as a group for each of the NPMP (see
(File [4]) types of propellant which constitute the solid-phase.

File [M7 ,  "Ith Propellant Type, Location and Mass'
(SA46F10.0) One Card

GRNAM(I) Name of propellant. Up to 20 alphanumeric characters.

ZGR(1,I) Left-hand boundary of first bag of propellant of
type I (in).

ZGR(2,I) Right-hand boundary of first bag of propellant of

type I (in).

VTGRA(1,I) Mass of first bag of propellant of type I (lbm).
A negative value of WIURA may be entered. In such a case,
the absolute value is used to define the mass. The
negative sign is used to set an internal switch which
causes the computation of initial porosity to reflect the
assumption that the propellant is packaged as a cylinder
rather than filling uniformly each cross-section of the
tube.

RHOP(I) Density of propollant type I (Ibm/ins).

I RI(I,I) Inner radius of rear of bag (in). Only required if
MODET = 1. (See File [4].) If RGRI(l,I) is input as zero
it is assumed to coincide with the inner radius of the
available flow cross-section.

lGRO(1,I) Outer radius of rear of bag (in). Only required if
M40DET = 1. (See File [M4].) If RGRO(lI) is input as zero
it is assumed to coincide with the outer radius of the
available flow cross-section.
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File (C4] "Position and Mass of Additional Bags of Ith Propellant"
(F10.0) MORE(I) Cards

N.B. File required if and only if MORE(I) = 0. (See File [M41.)

ZOR(3,I) Left-hand boundary of second bag of propellant of
type I (in).

ZGR(4,I) Right-hand boundary of second bag of propellant of
type I (in).

WTGRA(2,I) Mass of second bag of type I (lb.).

RGRI(2,I) Inner radius of second bag (in).

RI (2,I) Outer radius of second bag (in).

ZGR(5,I)* Left-hand boundary of third bag.

ZGR(2*MORE(I)+2,I) Right-hand boundary of bag MORE(I)+1 (last bag).

VIGRA(MORE(I)+I) Mass of last bag.

RGRI(MORE(I)+l) Inner radius of last bag (in),
I

RGRO(MORE(I)+ 1) Outer radius of last bag (in).

* Begin new card for each bag.

File [C5] "Distribution of Volume Fraction of Ith Propellant"

(F10.0) One to Three Cards

N.B. File required if and only if NEPS(I) = 0. (See File [M4].)

ZEPS(1,I) First position relative to breech (in).

EPSO(I.I) Corresponding volume fraction of propellant type I.

ZEPS(NEPS(I),I) Last position.

EPSO(NEPS(I), I) Corresponding volume fraction.
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File IMS] "Ith Propellant Form Function Data' (IS.$F10.OI5,F10.O)
One Card

NF4RM(I) Form function indicator. 1 S INFOR(I)M S 16. NFORM may
be entered as a negative nmber. In such a case, the
absolute value is used to determine the foe function, but
the grains are take- ,.. be stacked. This option allows
granular propellant I.;o respond as though it had the flow
resistance of stick propellant.

OD(1) Grain dimension (in). (See table below.)

DPERF(1) Grain dimension (in). (See table below.)

GL(IM) Grain length (in).

NF (1) Number of perforations (-) except for NFORM = 14 in which
case NPERF is the numb'r of slots.

SL(M) Grain dimension (in). (See table below.)

NFIX(1) If 0, grains are assumed to be free to move.
I L , grains are assumed to be attached to the tube.
If 2, grains are assumed to be attached to the projectile.

BOlNDX(I) Strength of bond to tube or projectile (Mbf). If BONDI(1)
is entered as zero, it is taken to be infinite. Separation
from tube or projectile occurs when absolute value of force
required to maintain attachment exceeds BOND1I).
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FORM FUNCrlIN PRAWETHRS

NIRM GRAIN TYPE OD DPERl SLW

1 Sphere Diameter (in) -

2 Cylinder Diameter (in) -

3 Stick Diameter (in) Perforation -

Diameter (in)

4 Strip* Width (in) Thickness (in) -

5 Monoperf orated Diameter (in) Perforation -

Diameter (in)

6 Nonoperforated with Diameter (in) Perforation -

outside inhibition Diameter (in)

7 Seven Perforations Diameter (in) Perforation -

Diameter (in)

9 Nineteen Perforations Diameter (in) Perforation -

Diameter (in)

10 Hexagonal Seven- Distance between Perforation

Perforation Stick* flats (in) Diameter (in)

11 Slotted stick s  Diameter (in) Perforation Slot
(single-voidage) Diameter (in) Width(in)

12 Scroll Width (in) Thickness (in)
(singi e-voidage)

13 Scroll* Width (in) Thickness (in) External
(dual-voidage) Diameter of

Scroll (in)

14 Blind slit Diameter (in) Diameter of -

slotted core (in)

15 Hexagonal Nineteen- Diameter (in)** Perforation -

Perforation Diameter (in)

16 Monolithic Grain Port diameter Port diameter -

with central port $0 at rear (in) at front (in)

C End burning is neglected for these forns. Hence GLEN (File [MS)

may be entered arbitrarily.
00 Grain. assumed to have rounded corners. Diameter is between opposite

corners.
CCC Burning is assumed to take place only o- the surfaces of the internal

port. Projectile afterbody may intrude into port. NFIX(I) and
BCNDX(I) default to 1 and 0 respectively. If OD(I) - 0. or
DPERF() = 0, then Files [C5.1], [C5.2] are required to define the

d~=ato:of tht port cc : af--Ction of position4



File [C5.1] "Ith Propellant Port Diameter File Counter" (M3) One Card

N.B. File required if an$ only if NF3M (I) = 16 and either OD(I) = 0 or
IPERF(I) = 0. (See File [M8].)

MNOP(I) Number of entries in file to define diameter of port of
monolithic grain. 2 - MOP(I) _ 8.

File [C5.2] 'Ith Propellant Port Diameter" (SF10.0) One to Two Cards

N.B. File required if and only if NFRM() - 16 and either OD(I) = 0 or
1PERF(I) . (See File [M81.)

ZWOO(1,I) First axial position relative to rear surface of
grain (in).

DWiO(,I) Correspondinj diameter of port (in).

ZWqO(MNOP(It,,I) Last axial posit.on.

DI4NO(KNOP(I), I) Corresponding diameter.

File [19] "Ith Propellant Rheology* (SF10.0) One Card

GAP(1) Rate of propagation of intergranular stress in
settled, loading granular bed of type I (in/see). If
propellant I consists of stick then GAP(I) is ind'pendent
of the settling porosity.

GEPO(I) Porosity of settled bed for type I propellant. If
LDBED = 0 (sec File [2]) and the porosity of the bed is
less than GEPO(.,M at any point where type I is present,
GEPO(I) is automatically defaulted to the smallest value of
porosity which occurs in the initial distribution. This
property may be used to avoid calculating GEPO(I).
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GCAP(I) Rate of propagation of intergranular stress during
unloading and reloading of propellant type I (in/see).
Not required for stick propellant.

PRPYLD Inactive.

ANU(1) Poissou ratio of propellant (-). Must be specified for
stick propellant. A1NU(I) defaults to 0.5 internally if
propellant I is granular or if ANU(I) is entered as zero.

File [M10] wIth Propellant Solid-Phase Thermochemistry' (SF10.0)
One to Three Cards

UPPR(lI) Maximum value of pressure for corresponding values of burn

rate pre-exponential and exponential factors (psi)

B22(lI) Burning rate pre-exponential factor (in/sec-ps'n).

BNN(II) Burning rate exponent (-).

UPPR(NBRDSI) Maximum value for lest set of burn rate data.

B22(NBRDS,I) Corresponding pre-esponential factor.

BNN(MRDS, I) Correspondin; exponent.

B(I) Burning rate additive constant (in/sec

TEMPIG(I) Ignition temperature (R).

KP(I) Thermal conductivity (Ibf/sec/R).

ALPHAP(I) Thermal diffusivity (in'/sec).

ALPHA(I) Emissivity factor (-).

If pressure exceeds UPPR(NRDS, I), the corresponding values of
pre-exponential and exponential factors are used as default values.
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File EMill *Ith Propellant Gas-Phase Them~ochemistry" (SF10.0)
One Card

ECUEN(I) Internal energy released in combustion (lbf-in/lbm).

GMW(I) Molecular weight (lbm/lmiol).

GAMAM(I) Ratio of specific heat (-).

BV(I) Covolume (in'/lbm).

File [C7] 0Ith Propellant Deterred Layer Properties* (SF10.0)
One Card

N.B. File required if and only if INIIB(I) 0 0. (See File NM21.)

ECHIB(I) Interrtl energy released in combustion at start of
deterred layer (Ibf-in/Ibm).

ECNIB2(I) Internal energy released in combustion at end of
deterred layer (lbf-in/lbm).

IOFAC(I)* Factor by which burn rate is multiplied at start of
deterred layer (-).

HGFAC2(1) Factor by which burn rate is multiplied at end of
deterred layer (-).

HIBM(I) Depth of inmibited layer (in).

Values within deterred layer deduced by linear spacewise
interpolation. Final values need not be the same as those of the
undeterred propellant.

File [C8] " I gulter Thermochemistry" (SF10.0) One Card

N.B. File required if and only if II, JJ 2. (See File [M4].)

EIG Internal energy released in combustion (Ibf-in/Ibm).

GMIG Molecular weight (lbm/lbmol)

GAMIG Ratio of specific heats(-).

VIG Specific volume of igniter solid-phase (in'/Ibm).
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File [C93 'Igniter Discharge Times" (SF10.0) One to Five Cards

N.B. File required if and only if 1I, 33 2 2. (See File [M4].)

TPEI(l) First time in tabular representation of igniter discharge
. (sec),

TPI(JJ) Last time.

File [ClO] 'Igniter Discharge Positions (SF10.0) One to Five Cards

N.B. File required if and only if I1, i3 2. (See File (M4].)

ZPGI(1) First position in tabular representation of igniter
discharge (in).

ZPBI(II) Last position.

File (Cli] "lgniter Rite of Discharge' (BY10.0) Two to Two Hundred

Cards

N.B. File required if and only if II, is Z 2. (See File [M4].)

PHI(1.1) Igniter discharge per unit length per unit time at first
position and first time (lbm/in/sec).

PHI(2,1) Discharge at second position and first time.

P5I(II,1) Discharge at last position and first time.

P1I(1,2)* Discharge at first position and second time.

P51(I1,JJ) Discharge at last position and last time.

* PHI(1,J) begins a new card, J - 1, .... , 33.
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Fil e [M12] "Tube Geometry" (8F10.0) One to Three Cards

ZA(1) First axial location relative to breech (ins).

RA(1) Corresponding radius of bore (ins).

ZA(NSTA) Last axial location.

RA(NSTA) Corresponding radius.

File [C121 *Bore Resistance' (SF10.0) One to Five Cards

N.B File required if and only if NBEES 2. (See File [M43.)

BR(l) First axial location. If BR(l) > 0 it is understood to
be relative to breech (in). If BRZ(l) is entered as zero,
however, all values of BIRL are understood to be relative to
the initial position of the projectile.

BR(1 Corresponding resistance exerted on projectile when base is
* at BFU(1 (psi) .

BRZ(NBRES) Last location,

BR(tMRES) Corresponding resistance.

File [C131 'Tube Thermal Properties" (8F10.O) One Card

N.B. File required if and only if JH1V # 0. (See File [K12.)

KW Thermal conductivity (lbf/se cIR).

ALPHAN Thermal diffusivity (in'/sec).

ALFAW Fmissivity factor (-).



File [C141 "Tube Initial Temperature Profile" (SF10.0)

One to Three Cards

N.B. File required if and only if Nh.( .# 0. (See File [M4],)

ZW(1) First axial location relative to breech (in).

TEMW(1) Corresponding wall temperature (R).

ZW(NIEM) Last location.

TE ( EN) Corresponding temperature.

File [M131 "Projectilu and Rifling Characteristics" (SF10.0)
One Card

ZBPR Initial axial location of ba',a of projectile relative to

breech (in).

WTPR Mass of projectile (Ibm).

PRIN Polar moment of inertia of prejectile (lbm-in 2 ).

RIF Angle of rifliug(e).

File [Cl8j "Ith Forward Compactible Filler Element Properties"
(3F10.0,215) One Card

N.B. File required if and only if NE. # 0. (See File (34].) File is
repeated NEL times.

XEL(I) Position of left-hand boundary of Ith element (in). The
array must be well ordered with respect to I. We require
XEL(I) 2 XEL(I-1). Forward elements are ordered so that
the first is to the left.

EL(1) Mass of Ith element (Ibm). If < 10- "0 element is
interpreted as a space. HB L() must be greater than 10 - ".
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FEL(I) Initial resistance to motion of Ith clement (lbf).

NTYPE(I) If NTYPE(I) = 0, element is treated as perfectly plastic
(deformation under loading only).
If NTYPE() = 1. element is treated as elastic.
If NTYPE(I) = 2, element is treated as rigid.
If NTYPE(I) = 3, element is treated as incompressible.
0 1 NTIPE(I) 1 3.

NDATA(I) Number of pairs of entries in stress-strain talle of
Ith element. 0 S NDATA(I) _. 10.

File [C19] "Constitutive Data for Ith Forward Element" (8F10.0)
One to Three Cards

N.B. File required if and only if IML(M) > 10-10 and NTYPE(I) < 2. (See
File [C18].) File is repeated for each element for which NDATA > 0.
Files [C19], as a group, follow Files [C18], as a group.

YEL(I,1)* First engineering strain taken positive in compression
(dimensionless). Must be zero.

RESEL(I,1)** Corresponding stress taken positive in compressicn (psi).

RESEL(I,NDATA(I)) Last engineering stress. Should exceed maximum pressure
in Sun.

The array YEL must be well ordered. All entries must be in the
interval [0,1].

00 The array RESEL must have non-zero entries and must be non-decreasing
for each element.
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File [C19.1] "Ith Rear Compactible Filler Element Properties"
(3F10.0,215) One Card

N.B. File required if and only if NBL A-O. (See File [M4].) File is
repeated NBL times.

XBL(I) Position of right-hand boundary of Ith element (in). The
array must be well ordered with respect to I. XBL(I)
observes the opposite convention from that of XEL(I), that
is XBL(I) _ XBL(I-1) for &II I. Rear elements are
tabulated so that the first is to the right.

IML() Mass of Ith element (lbm). If < 10-10 element is
interpreted as a space. ML(I) must be greater than 10- 10.

FBL(I) Initial resistance to motion of Ith element (lbf).

NTYPB(I) If NTYPB(I) = 0, element is treated as perfectly plastic
(deformation uader loading only).
If NTYPB(I) = 1, element is treated as elastic.
If NTPB(I) = 2, element is treated as rigid.
If NTYPB(1) - 3, element is treated as incompressible.
0 _ NTYPB(I) < 3.

NDATB(I) Number of pairs of entries in stress-strain table of
Ith element. 0 - NDATB(1) -. 10.

File [C19.2] "Constitutive Data for Ith Rear Elemento (8F10.0)
One to Three Cards

N.B. File required if and only if NEL(I) > 10- 10 and NTYPE() < 2. (See
File [C19.11.) File is repeated for each element for which NDATB > 0.
Files [C19.2], as a group, follow Files [C19.1], as a group.

!BL(I,l)* First engineering strain taken positive in compression
(dimensionless). Must be zero.

RSBL(I,1)a* Corresponding stress taken positive in compression (psi).

RESBL(INDATB(I)) Last engineering stress. Should exceed maximum pressure
in gun.

The array YBL must be well ordered. All entries must be in the

interval (0,1] .
The array RESBL musL have nun- -ero etKiu aud guft bo non-dcc-a;ing

for each element.
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File [C23] "Positions for Pressure Table Storage' (SF10.0) One Card

NB. File required if and only if NZPr # 0. (See File [M4].)

ZFT(1) First position, relati-e to breech (in).

z r (RN Pr) Last position.

Output consists of tables of pressure at each of the NlPT positions
together with value less that at the NZFrth position.

File [C23.01] "Projectile Afterbody Pressure History Option" (815)

One Card

N.B. File required if and only if MPT A 0 and )ODET = 1. (See File [M4].)

IZPF( 1) 0 if ZPT(1) is fixed in the tube reference frame.
* 1 if ZPT(1) is fixed in the projectile afterbody
* reference frame.

izFr (NZPr)

File [C23.11 "Kinetics Option Counters" (315) One Card

N.B. File required if and only if KMODE 1 0. (See File (M2] .)

NSPEC Number of species. 1 K NSPEC 5 10.

NMASR Number of reactions occurring in the mixture of combustion
products. 0 1 NASR S 10. If NGASR > 0, File [C23.7] is
required.

NGOLR Number of reactions occurring in the ,,lid-propellant.
0 - NSOLR - 10. If NSOLR > 0, File [C23.8] is required.
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File [C23.2] "Properties of Species" (2A4,lX,Al,6F10.O) NSPEC Cards

N.B. File required if and only if KE)DE # 0. (See File [M2].)

SPCNAM(I) Name of species, up to 8 alphanumeric characters.

FAZE(I) Phase of species: G = gas or vapors L = liquid, S = solid.
One alphanumeric character.

SPCV(I) Specific heat at constant volume (lbf-in/lbm-R).

SPCP(I) Specific heat at constant pressure (lbf-in/Ib-R).

SPBV(I) Covolume (ins/lbm). Only required if FAZE = G.

SPNOL(1) Molecular weight (lbm/Ibmol). Only required if FAZE = G.

SPDEN(I) Density (ibm/in'). Only required if FAZE = L or S.

QLOS(I) Transfer coefficient in correlation for rate of deposition
of condensed species on surface of solid propellant
(sec/in2 ). Only required if FAZE = L or S. If COS = 0,
the rate of deposition is zero.

N.B. The following File [C23.3J is repeated NPROP times, once for each type
of solid propellant.

File [C23.3] "Composition of Propellant Near Field Combustion Products"

(8F10.0) NPROP to 2$NPROP Cards

N.B. File required if and only if KXDDE k 0. (See File [M2].)

ECHO(I) Chemical energy released in near field combustion
(lbf- in/1bm).

YO(I,l) Mass fraction of near field combustion products
corresponding to species type 1 (-).

YO(I,NSPEC) Mass fraction of near field combustion produots
corresponding to species type NSPEC (-).
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File [C23.4] *Composition of Igniter Discharge Combustion Products*

(EFI0.0) One to Two Cards.

N.B. File required if and only if K1N)DE A 0. (See File [K2].)

ECHO(I) Chemical energy released by combustion of igniter material
prior to injection (lbf-in/lbm).

Y0(I,1) Mass fraction of igniter prcducts cozz-osponding to species
* type 1 (-).

YO(I,NSFEC) Mass fraction of igniter products corresponding to species
type NSPEC (-).

File [C23.5] "Composition of Initial Ambient Gas* (SF10.0)

One to Two Cards

N.B. File required if and only if K1KDE A 0. (See File [12].)

ECHO(I) Internal energy (thermal component) of ambient gas (or
mixture if condensed species are initially present)
(lbf-in/lbm).

Y0 (11) Mass fraction of species 1 (-).

Y0(I,NSPEC) Mass fraction of species NSPEC ().
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N.B. The following File is repeated NPROP times, once for each type of
solid propellant. Present storage limits only support the case
NPROP = with KNODE =2.

File [C23.6] Mlnitial Composition of Solid Propellant" (8F10.0)

NPROP to 2eNPROP Cards

N.B. File required if and only if KNODE = 2. (See File [12] .)

EtHO(1) Inactive.

YO(I,l) Mass fraction of solid propellant corresponding to
. species 1 (-).

YO(I,NSPEC) Mass fraction of solid propellant corresponding to species
NSPEC (-).

Fie [C23.61] "Composition of Traveling Charge Near Field Combustion

Products" (F10.0) One to Two Cards

N.B. File required if and only if XMDDE # 0 and NTC = 1. (See File [12].)

ECHTC0 Chemical energy released in near field combustion of
traveling charge (lbf-in/lbu).

ITCO(1) Mass fraction of species 1 (-)

XTCO(NSFEC) Mass fraction of species NSIEC (-).

File [C23.62] "Types of Reactions in Mixture of r -bustion Products"
(101) One Card

N.B. File required if and only if INODE 0 0, N3ASR 0 and NTC = 1. (See
Files [12] and [C23.1].)

KRCrYP(1) If 0, reaction 1 is of the Arrhenius type and is described
* by File [C23.7].
* If 1, reaction 1 is of the pressure dependent type and is

described by [C23.71].
* If NTC = 0, XRCTYP(I) defaults to zero for all I.

KRCrYP(NGASR) Type of reaction MIASR
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File [C23.63] aSpecies Thermal Equilibration Switches' (1015) One Card

N.B. File required if and only if KNIDE A 0, NGASR 0 and NTC - 1.
(See Files [M2] and EC23.1].)

[TEQL(1) If 0, species 1 is assumed to be in constant thermal
. equilibrium with mixture of combustion products.
• If 1, species 1 is assmed to be thermally insulated from
. mixture of combustion products. If NTC - 0, KTBML(I)
. defaults to zero for all I.

ITHUL(NSPEC) Thermal equilibration switch for species NSPEC.

File [C23.7] 'Description of Arrhenius Reactions in Mixture of
Combustion Products'
(815/gFlO.0/F1O.0,D1o.4,F1O.oDlo.4.4F10.0/F1O.o)
Four Cards For Each Such Reaction

N.B. File required if and only if KNODE # 0, NGASR i 0 and KRCflP(I) = 0.
(See Files (M2], [C23.I] and [C23.62].)

KROITB(1,I) Pointer to first species acting as a reactant in
. reaction I. 0 K ]RCNTB K NSFEC.

ZRCNIB(4,I) Pointer to fourth species acting as a reactant in
reaction I.

KPRDDB(lI) Pointer to first species acting as a product in reaction I.
0 KPRODB - NSPEC.

KPRODB(4,I) Pointer to fourth species acting as a product in
reaction I.

SIOIB(1,I) Stoichicetric coefficient corresponding to first reactant
* species (-). Starts a nw card.

STIB(4,1) Stoichiometric coefficient corresponding to fourth reactant
species (-).
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STOIB(5.I) Stoichiometric coef:oicient corresponding to lirst product
• species (-).

SIOIB(8,I) Stoichiometric coefficient correaponding to fourth product
species (-).

E(XB(I) Chemical energy released by reaction (lbf-in/lhm). Starts
a new card.

ARCB(I) Pro-exponential factor in Arrhenius rate law (units yield
Ibm/in$-se e).

ARXB(I) Temperature exponent in krrhenJus rate law (-).

MA (I) Activation energy in Arrhenius rate law (lbf-in/lbmut..

AROB(1,I) Order of reaction with respect to concentration of first

• reactant species (-).

AROB(4,1) Order of reaction with respect to concentration of fourth
reactant species (-).

AROB(5.1) Order of reaction with respect to concentration of gas-

phase (-). Starts a new card.

The most general reaction supported involves four reactant and four
product species. At least one reactant pointer and one product
pointer must be different from zero. A zero entry simply implies a
reduction in generality of the reaction.
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File (C23.71i T DescriptiOn Of Pressure-Dependent Reactions in Mixture of
Combustion Productsw (815/0F1O.O/8F10.O)
Three Cards For Each Such Reaction

N.B. File iequired if and only if DIODE 0 0, !13ASR 0' 0 and KRCrYP(I) = 1.
(See Files [M21, (C23.1] and [C23.62J.)

KRCNTB'1,I1) Pointer to first species acting as a reactant in
* reaction 1. 0 1. KRCNIB S. NSFEC.

ROWIB (4, 1) Pointer to fourth species acting as a reactant in
reaction I.

KPR0Db(1,I)* Pointer to first species acting as a product in reaction 1.
*0 S.KPRODB S.NSPEC.

XPRODB(4.1) Painter to fourth species acting as a product in
reaction 1.

SIDIB(l,I) Stoichiometri-. coefficient corresponding to first reactant
* species (-). Sxtart,. a new card.

STOIB(4,I) Stoichiometric coefficient corresponding to fourth reactant
species (-).

SIUIB(5,I) Stoichiometric coefficient corresponding to first product
* species(-

STOIB(8,I) Stoichicaictric coefficient corresponding to fourth product
species (-).

ECHB(I) Chemical energy released by reaction (lbf-in/lbm). Starts
a new card.
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DIAB(I) Particle diameter, assumed constant (in).

BIB(I) Burn rate additive constant (in/see).

B2B(I) Burn rate pre-exponential factor (in/sec-ps4BY).

BN(I) Burn rate exponent (-)

The most general reaction supported involves four reactant and four
product species. At least one reactant pointer and one product
pointer must be different from zero. A zero entry simply implies a
reduction in generality of the reaction.

File [C23.8] "Description of Reactions in Solid Propellant'
(815/8FI0.O/FIO.0,DI0.4,FO.O,DlO.4,4F0.O) 3*NSOLR Cards

N.B. File required if and only if DIODE # 0 and NSOLR it 0. (See Files [2]
and [C23.1].)

KRCNTS(,I)* Pointer to first species acting as a reactant in
reaction I. 0 - KRNTS NSPEC.

KRCNTS(4,I) Pointer to fourth species acting as a reactant in
reaction I.

KPRODS(1,I)* Pointer to first species acting as a product in reaction I.
0 i KPRODS - NS1EC.

KPRODS(4,I) Pointer to fourth species acting as a product in
reaction I.

STOIS(lI) Stoichiometric coefficient corresponding to first reactant
species (-). Starts a new card.

STOIS(4,I) Stoichiometric coefficient corresponding to fourth reactart
species (-).
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SIDIS(5.I) Stoichiometric coefficient corresponding to first product
* species (-)

81)IS(8.1) Stoichiometric coefficient corresponding to fourth product
species (-).

ECBS() Chomical energy released by reaction (lbf-in/lbm). Starts
a new card.

ARS(1) Pre-exponential factor in Arrhenius rate law (units yield

lbe/ins-sec).

ARIS(1) Temperature exponent in Arrhenius rate law (-).

ARES(I) Activation energy in Arrhenius rate law (lbf-in/lbol).

AROS(l,I) Order of reaction with respect to concentration of first
reactant species (-)

AROS(4,I) Order of reaction with respect to concentration of fourth
reactant species (-).

The most general reaction supported involves four reactant and four
product species. At least one reactant pointer and one product
pointer must be different from zero. A zero entry simply Jmplies a
reduction in generality of the reaction.
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File [C23.9] "Solid Propellant Thermal Response Parameters"

(315,5F10.0) One Card

N.B. File required if and only if UKNDE = 2. (See File [2].)

NZC Number of stations for analysis of thermal response of
solid propellant. 0 - NZC S 21.

IM C If 0, pyrolysis law is assied to govei regression of
surface of solid propellant.
If 1, evaporative (Clausius Clapeyron) law is assmed to
govern regression of surface of solid propellant.

NOFLAM If 0, heat feedback from the gas-phase is considered
according to the Zel'dovitch foruulism.
If 1, heat feedback from the gas-phase is neglected.

AS Pre-exponential factor in solid propellant surface
regression law. If NZCBC = 0, units are in/sec. If
NZCBC = 1, units are psi.

ES Activation energy (NZCBC 0) or heat af vaporizatioA,
(NZCBC = 1) in solid propellant surface regression law
(lbf-in/lbmol).

TSEN Temperature sensitivity of propellant steady state burn
rate (l/R).

TMhANS Time interval over which external stimulus drops to zero

following igrition of the surface of the propellant (sec).

PIRAS Pressufo above which theimal analysis is discontinued and
steady state combustion is assumee to occur (psi).
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File [C24] 'Parameters to Define Mesh in Invariant Embedding Analysis'

(F10.0,31S) One Card

N.B. File required if and only if KUODE = 2. (See File [M2].)

DELX Mesh spacing in group closest to heated surface (sec / )
DELX > 0.

N* Number of intervals per group.

MIDE1 Integer multiple by which mesh spacing increases from group
to group as we move away from heated surface.

NURP Number of groups. 1 - NMR? S 10,

* Refers to computational coordinate x/4-a-where x is distance from
heated surface and a is thermal diffusivity.

NSNURP 5. 200.

File [C25] 'Tank Gun Option Control Data' (1615) One Card

N.B. File required if and only if NODET = 1. (See File EM2] .)

NAFT Number of paIrs of data to describe project 4 le afterbody.
NAFT may be zero. Otherwise 2 5 NAFT 1 10.

ISM(1) Switch to define level of modeling of surface source term
attributed to tube wall.

lSM(1) Model

0 No source term

I Tabular source term

2 Rate of source determined according

to ignition and combustion submodels.

JIS(2) Switch to define level of modeling of surface source term
attributed to centerline of tube.

JIS(3) Switch to define level of modeling of surface source term
attributed to afterbody of project'ile.
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NEDL Number of endwalls defined by packaging of charge.
0 5 NENDL 21.

NPR 1 Number of pemeability data sets, 0 - NPRM - 10.

NRCT Number of reactivity data sets. 0 _ NRCT <- 9.

NSBGS(l) Number of segments having different properties in tube wall
surface source. 0 <- NSBIS(l) < 3. Default value is 1.

NSBGS(2) Number of segments in centerline surface ,murce.

NSBGS(3) Number of segments in afterbody surface source.

KCTRL If 0, control charge not present.
If 1, control charge is present. Files EC28] - [C28.7]
required.

NZCRE Number of data to describe external geometry of ballistic
control tube.

INBBCR(l) If 0, control charge not deterred.
If 1, control charge is deterred.

File [C25.1] "Gcometry of Projectile Afterbody" (8F10.0)
One to Three Cards.

N.B. File required if and only if MDDET 1 1 and NAFT - 2.

(See Files [M2] and EC25].)

ZAFr(1)* First axial position on afterbody (in).

RAFT(l) Corresponding radius of afterbody (in).

ZAFT(NAFT) Last axial position.

RAFT(NAFT) Corresponding radius of afterbody.

The origin of the coordinate ZAFT is independent of that used to describe
the gun tube. XNOVAT internally reconciles the coordinate frames by
assuming that ZAFT(NAFr) coincides with ZBPR. (See File [Mi3].)



N.B. The following files, [C25.2] through [C26.3] are repeated, as needed,
as a group for each of the three types of reactive layers whose
presence is indicated by a non-zero value of JIS(I).
(See File [C25].)

File [C25.2] "Thickness and Density Counters for Reactive Layer I" (415)
One Card

N.B. File required if and only if NODET = 1 and YIS(1) * 0.
(See Files [M2] and [C25].)

NSTAC(I) Number of data to describe thickness of reactive layer I.
2 _ NSTAC(I) S- 10.

NlIOS(I,1) Number of data to describe density of first segment of
reactive layer I as a function of pressure.
1 _ NCS(I) S- 10.

NHIOE(I,2) Number of data for second segment of reactive layei I.

NIZOS(I,3) Number ol data for third segment.

File [C25.31 "Thickness of Reactive Layer I" (SF10.0) One to Three Cards

N.B. File required if and only if MODET = 1 and JIS(I) i 0.
(See Files [M2] and [C25].)

ZAC(1,I) First axial position (in).

MC(1,I) Correapondini thickness of reactive layer (in).

ZAC(NSTAC(I),I) Last axial position.

HC(NSTAC(I),I) Corresponding thickness.

Then I = I or 2, ZAC is assumed to refer to the coordinate system used to
define the tube geometry. When I = 3, ZAC is assumed to cor'espond to
the coordinate system used to define the afterbody of the projectile.
The thickness of layer I is takeu to bc zero outside tLe table range.
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File [C25.31] "Segment Pointers for Reactive Layer I (815) One Card

N.B. File required if and only if M}DET 1, JIS(I) 0 and NSIS(I) > 1.

(Set Files I21 and [C25].)

NSG(lI) Segment property type for axial positions between ZAC(1,I)

and ZAC(2,1).

N;G(NSTAC(I)-1,I) Segment property type for axial positions between

ZAC(NSTAC(I)-1,I) and ZAC(NSTAC(I),I).

NSG(NSTAC(1),I) Not used.

N.B. If Reactive Layer I consists of more than one segment, the following

Files [C25.4] through [C26.3] are repeated as a group for each of the
segments of the layer. The subscript pertaining to the segment is
suppressed in the following discussion.

File [C25.4] 'Density of Reactive Layer I' (PF10.0) One to Three Cards

N.B. File required if and only if E*DET = 1 and JIS(I) 0 0.

(See Files E12] and [C251.)

RHOS(1,I)* Value of density at first pressure (Ibm/in').

PRHOS(1,I) First valve of pressure (psi).

ABOS(NRfOS(I),I) Last value of density.

PROS(NUOS(I),I) Last value of pressure.

Outside the table range, the first or the last value of BROS applies. If
a single value is specified, the density is taken to be constant and

therefore independent of pressure.
At present, case compressibility is only modeled if (IS() 2. (See File
[C25] .)
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File [C25.5] "Counter to Describe Discharge of Reactive Layer 10 (215)
One Card

N. B. File required if and only if MVDET =1 and JIS(I) -1.
(See Files [1 and [C25].)

115(1 Number of axial positions in discharge table.
2 IIS(I 10.

.j S (1) Number of times in discharge table. 2 JS(I . 10.

File [C25.6] *Positions to Describe Discharge of Rzact.ive Layer V~
(8F10.O) One to Two Cards

N.B. File required if and only if IODET - 1 and JIS(I) 1.
(See Files [1 and [C25].J

ZPHIS(1,I)* First position (in).

ZPHIS(IIS(I,I) Last position (in).

The coordinate frame for Z1EIS is assumed to accord with that for ZAC.
(See File [C25.3].-)

File [C25.7] "Times to Describe Discharge of Reactive Layer In (BF10.0)
One to Two Cards

N.B. File required if and only if EDDET - 1 and JIS(1) =1.
(See Files [1 aud [C251 .)

TPHIS(l,I) First time (msec).

TMHIS(J S(I).I) Last time (msec).
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File [C25.8] "Rate of Discharge of Reactive Layer I" (8F10.0)
One to Thirteen Cards

N.B. File required if and only if M3DET = 1 and JIS(I) = 1.
(See Files [W2] and [C25].)

PHIS(1,1,1) Rate of discharge at first position and first time
(Ibm/in-sec).

PHIS(2 1, 1) Rate of discharge at second position and first time.

PHIS(IIS(I).,I) Rate of discharge at last position and first time.

HIIS(IIS(I),JJS(I),I) Rate of discharge at last position and last time.

File [C25.91 "Burn Rate Counters for Reactive Layer I (215) One Card

N.B. File required if and only if MDDET = 1 and 31S(I) = 2.
(See Files M2] and [C25].)

KBRDS(I) Number of burn rate data. 1 - KBRDS . 10.

VMHIB(I) If 0, layer I is not deterred.
If 1, layer I is deterred.

File [C26] "Buru Rate Data for Reactive Layer I (8F10.0)
One to Three Cards

N.B. File required if and only if 1I)DET = 1 and JIS(I) - 2.

(See Files [M21 and [C25].)

UPPRS(1,I)* First pressure limit (psi).

B22S(1,I) Value of pre-exponent for pressures less than UPPRS(1,I)
(i./ so c-psi B8 N S ) .



BN4S ( 1,I1) Value of exponent for pressures less than UPPRS(1,I)(-

U;PRS(KBRDS(I), I) *La st pressure 1limit (ps i).

B22S(KBRDS(I),I) Value of pre-exponent for pressures less than
UPPRS(KBRDS(I),I) but greater that UPPRS(KBRI)S(I)-1,I).

Dlt'S(KBRDS(I),I) Corresponding exponent (-).

Outside the table range the first and last values are used.

File 106,11 *Ignition Data for Reactive Layer P~ (8F10.O) One Card

N.B. File required if and only if HDflET = 1 and 315(I) =2.
(See Files [M2] and [C25'].)

B1S(I) Burn rate additive constant (in/sec).

TMPIOGS(I) Ignition temperature (R).

KPS(I) Thermal conductivity (lbf/seo-R).

ALffiAS(I) Thermal diffusivity (in'/sec).

File [C26.2] "Thermochemical Data for Reactive Layer P" (SF10.O) One Card

N.B. File required if and only if WKDET = 1 and JIS(I 2.
(See Files (K1 and [C25].)

EIGS(I) Chemical energy released during combustion (lbf-in/lbm) .

GAS(I) Molecular weight of products of combustion (lm/lbmol).

GAMS(I Ratio of specific heats(-
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File [C26.21) "Composition of Reactive Layer Near Field Combustion
Products' (SF10.0) One Card

N.B. File required if and only if NDDET.- 1, KEWDE - 1 and JIS(IM 2.
(See Files [421 and [C25] .

YSO(I.L) Mass frection of species 1 ()

YSO(INSPEC) Mass friction of species NSPEC ()

File [C26.3] "Properties of Deterred Layer of Reactive Layer I"v (S10.0)
One Card

N.B. File required if and only if NODET -1, IIS(I = 2 and INHIB(I) =1.
(See Files [(12] [C25] and [C25.9].)

ECHIS(I)* Internal energy released in combustion at start of deterred
layer (lbf-inflbm).

ECXIS2(I) Internal energy released in combustion at end of deterred layer
(lbf-in/lbm) .

RGFAS(I) * Factor by which burn rate is multiplied at start of deterred
I ayer (-).

NGFAS2(I) Factor by which burn rate is multiplied at end of deterred
layer (-).

EIBS(I) Depth of deterred layer (in),

*Values within deterred layer deduced by linear spacewise interpolation
with an allowance for compression of the reactive layer. Final values
need not be the same as those of the undeterred layer.



File [C26.4] "Endwall Property Pointerso (415) NENDL Cards

N.B. File required if and only if M)DET = I and NENDL A 0.
(Sne Files [12] and [C25].)

NBAGL(I) Pointer to propellant increment to which Ith endwall is
attached. If NBAGL(I) - , the endwall is assumed to be
attached to the breech of the Sun. An increment may include
several parallel packaged bundles of propellant.

NBAGEM() If 0, endwall is at rear of increment.
If 1, endwall is at front of increment.

NREACT(I) Pointer to reactivity models associated with endwall. NREACT
is interpreted as a four digit number. Each digit points to a
different model. A zero value implies no reactivity. The
digits have the following meanings

Digit Source of Reactivity

1 Internal attached component

2 Interior of endwall

3 Exterior of endwall

4 Exterual attached component

NPERM(I) Pointer to permeability model associated with endwall.

File [C26.53 "Permeability Model Data" (F10.0) NPRM Cards

N.B. File required if and only if MDDET = 1 and NPRM A 0.
(See Files (M2] and [C25].)

PRHM(I) Xnitial flow resistance coefficient for Ith model (-)

RUPSTR(I) Piessure differential at which rupture of endwall commences
(psi).

MJPINT(I) Time interval over which rupture of endwall is completed
(msac).
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N.B. The following Files, [C26.61 through [C27], are repeated as a group
for each of the NRCr reactivity models.

File [C26.6] gFile Counters for I-th Reactivity odel (315) One Card

N.B. File required if and only if MDDET = 1 and NRCT # 0.
(See Files WM2] and [C25].)

KBRDE(I) Number of data iu modeled burn rate description (-). If
KBRDE(I) - 0 it is assumed that tabular discharge data are
specified. 0 1 KBRJJ(I) 1 10.

IGCRrr(I) Ignition criterion for modeled burn rate description.
Ignition is determined by reference to VALIG(I)
(File [C26.8]) as follows.

IGCR1T(I) VALIG(I)

1 Time Delay (.-sec)

2 mbient gas temperature (R)

5 Neighboring propellant temperature (R)

JRCr(1) Number of data in tabular burn rate description (-).
JRCM(1) = 0 or 2 . JRCL(I) 1 8.

File [C26.7] "Thermochemical Data for I-th Reactivity Model" (SF10.0)
One Card

N.B. File required if and only if MIDET I and NRCT # 0.
(See Files [W2] and [C25].)

RHOE(I) Density (lbm/in').

EIGE (I) Chemical energy released during combustion (lbf-in/lbm).

GXE(I) Molecular weight of combustion products (lbm/lbmol).

GAMAE(I) Ratio of specific heats of combustion products (-).
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File EC26.71J 'Composition of Near Field Combustion Products of I-th
Reactivity Model" (SF10.0) One Card

N.B. File required if and only if NODET = 1, IMODE =1 and NUTr it 0.
(See Files [M21 and EC25] .)

YEE(I,1) Wss fraction of species 1 ()

YEE(I,NSPEC) Mass fraction of species NSJEC ()

File IC26.81 "Ilgnition Value for I-th Reactivity Mode." (SF10.0) One Card

N.B. File required if and only if NODET = 1, NRCT it 0 ard KBRDE(I -0 0.
(See Files [12, [C25] and EC26.6].)

VALIG(I Value of time delay (asec), gas temperaturt (R) or propellant
temperature (R) in accordance with IGCRIT(X) as defined above,
(See File [C26.61.)

File [C26.9] NBurn Rate Data for I-th Reactivity J~del' (SF10.0)
One to Three Cards

N.B. File required if and only If MODET = 1, NRCT 0 0 and KBRDE(I 0 0.
(See Files [K12, [C25] and [C26.6] .)

TTPPRE(1,I)* First pressure limit (psi).

B22E(1~I) Value of pre-exponent for pressures less than UPPRE(,I)

BNKE(l,I) Value of exponent for pressures less than UPKiE(1,I) ()

UPPREeKBRDE(I),I)* Last pressure limit (psi).

B22E(KBRDE(I),I) Value of pre-exporient for pressures less than
UPPRE(KBRDE(I).I) but greater than UPPRE(KBRDE(I-1,I).

W7, (ZBRDE(IM,IU Corresponding exponent (-).

Outside the table ranee the first and last valuef, are used.
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File [C27] *Tabular Descriptioa of I-th Reactivity Modell (SF10.0)
One or Two Cards

N.B. File required if and only if ]EDT - 1, IRCT 0 0 IBRDE(I) - 0 and
2 _ JRCT(I) - 8. (See Files [1(2], [C25] and [C26.61.)

IRCI(1,I) First value of time (Usec).

FLCI'(I,I) CorrespondinIg rate of combustion (lbm/in2-soc).

RT1T(RCr(1)1I) Last value of time.

FLORCt(JRCT(1),I) Corresponding rate of combustion.

File [C28] "Internal Properties of Control Charge Combustion Chamber'

(SF10.0) One Card

N.B. File required if and only if I)DET 1 1 and ZCTRL A 0.
(See Files [W2] and [C25].)

CDCR Dischatgt coefficient for venting to Sun chamber (-).

RCRI Intcrnnl zadius of bora, (in).

VCR0 Initial chamber volume corresponding to zero afterbody
offset (ins) .

ZCRO Initiai afterbody offset (in).
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File [C28.1] 'External Properties cf Control Chats Combustion (hamberl
(3Fl0.0) MCRE Cards

N.H. File required if and only if NO)OWT - 1 and KCTIU j 0.
(See Files [X2] and [C25],)

ZCRE(W) First axial position relative to breechface of San (in).

RM() Corresponding external radius of chamber (in).

AVET(l) Total sifdvvll vent area exposed when base of afterbody is at
Z(E(l) (ins).

ZCRE(2) Second axial position. (Now Card)

ZME(1M(RE) Last axial position. (New Card)

'ACRE ( N 2)

UENIT ( W CRE)

File [C28.2] *Control Mharge Trpe (.A4,210.0) One Card

N.B. File required if and only if M)DET = 1 and [CEL 0 0.
(See Files [I2] and [C253.)

G034R1 Name of propallant. Up to 20 alphanumeric characters.

WGTC Mass of contxol charge (Ibm).

JBOPCR Density of propellaut (11s/in').



File [C28.31 'Control Charge Form Function" (I5,4F10.0) One Card

N.B. File required if and only if NODET 1 and XCTRL 0,0.
(See Files [M2] and [C25] .)

NFK R Form function indicator. See disoussion of File [I8].
Allowable values of NFRMCR are 1, 2, 5, 6 and 7.

ODCR Grain dimension (in). See File [M8].

DPRFCR Grain dimension (in). See File [MS].

GLENCR Grain length (in).

NPRFCR Nimber of perforations (-).

File [C28.4] "Control Charge Burn Rate Counter' (IS) One Card

N.B. File required if and only if NVDET - I and KCTRL # 0.
(See Files [32] and [C25) .)

NBRDCR Number of sets of values used to describe burn rate.
iS -<RDCR 10.

File [C28.5] 'Control Charge Burn Rate Description" (SF10.0)
One to Four Cards

N.B. File required if and only if )IDWT - 1. and ICIRL 0 0.
(See Files [32] and EC25] .)

UPPCR(1) Maximum value of pxassure for corresponding values of burn rate
pre-exponential and exponential factors (psi)

B22CR(1) Burning rate pre-exponential factor (in/sea-psin).

BN (1) Burning rate exponent (-).

UPPCR(MRDCF) Maximum value for list set of burn rate data.

B22(NHRD(f) Corresponding pre-expo~nt.

BNN(NBRDCR) Corresponding exponent.

BICR Burning rate additive constAnt (in/sec).

DELCR Ignition delay (usec).

141



?ile [C28.6] "Control Charge Thermochemistry" (SF10.0) One Card

I.B. File required if and only if i0DET = 1 and KCXRL # 0.
(See Files [142] and [C25].)

XCR Internal energy released in combustion (lbf-in/lbm).

MCR Molecular weight of combustion products (lbm/lbmol).

AMACR Ratio of specific hosts (-).

ele [C28.7] "Properties of Deterred Layer" (SFI0.0) One Card

4.B. File required if and only if MDDET = 1 and KCTRL # 0 and INHmCR = 1.

(See Files [W21 and [C25.)

CRIBs  Internal energy released in combustion at start of
deterred layer (lbf-in/lbm).

,CRIB2 Internal energy released in combustion at end of
deterred layer (lbf-in/lbm).

RGFCR Factor by which bu.:n rate Is multiplied at start of
deterred layer (-).

RDFCl12 Factor by which 4 urn rate is muliplied at end of
deterred layer (-).

HIBXCR Depth of inhibited layer (in).

Values within deterred layer deduced by linear spacewise
interpolation. Final values need not be the same as those of the
undeterred propellant.
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File [TC1] "Traveling Charge Control Data" (715) One Card TC-Mandatory

IDEAL Propellant burn rate indicator.
0 - Measured burn rate data. See Files [TC5]-[TCS].
1 - Not supported.
2 - Ideal burning with prespecified value of pressure on

either side of gas/traveling charge interface or of
projectile acceleration. Note the discussion of SIINAX,
MACH, APMAX in File (TC2].

NPRC 0 - TraveIing charge treated as rigid.
1 - Traveling charge treated as a continuum with analytical

description of theology. File fTC9] required.
2 - Traveling charge treated as continuum with tabular

description of theology. Files [TC10] and [TCll]
required.

NPROP Number of traveling charge increments (maximum of 20).

NRFR Propellant Wall Friction Parameter.
0 - Friction between propellant and tube not considered.
1 - Friction due to gas film. File [TC12] required.

>0- Number of entries in velocity dependent coefficient of
friction table (maximum of 10). File [TC13] required,

NBRES1 0 - Ibturator resistance not given as table,
>0 - Number of entries in table of resiztive pressure versus

travel (maximum of 10). File [TC14] required.

NBRES2 0 - Resistance due to shocked air not oonsidered.
1- Resittance due to shoc)ed air considered. File [TC15]

required.

NARES3 0- Obturator resistance not proportional to setback
pressure.

>0 - Number of entries in table of velocity-dependent
coefficient of friction of obturator (maximum of 10).
Files [TC16] and [TC17] required.

File [TC2] "Mesh Parameters" (15,F10.0) One Card TC-Mandstory

NAXDIM Maximum number of mesh points to be used in continuum
representation of traveling charge (1 100).

DXMIN Minimum mesh size for continuum representatinn (in).

143



File [TC3] "General Properties" (6F10.0) One Card TC-Mandatozy

DOB Diameter of tube (in).

XIB Initial length of gas column (in).

PRM Mass of projectile (ibm).

SIGMAX Maximum value of pressure at gas/propellant interface (psi).
If SIGMAX = 0, no restriction is considered. SIBNAl pertains
to the reacted or the unreacted side of the flme according
as NPORS(KK) = 0 or 1 respectively. (See File [TCS].)

MACH Maximum value of Mach number of combustion products xelative
to regressing surface. If MACH = 0, no restriction is
considex ed.

APMAX Maximum value of acceleration of projectile (gravities). If
APMAX - 0, no restriction is considered.

N.B. Files [TC4] through [TC13] pertain to a specific type of
propellant. The sequence [TC4] through [TC13], subject to
relevant contingencies, is repeated for each type of traveling
charge propellant in the problem. The index KK used in the
following file descriptions runs through th values
1,2, . ., NPROP, where NPROP is defined in File [TCI].

File [TC4] "Propellant Thermochemical Properties* (SF10.0) One Card
TC.-Mandatury

XGAN(KK) Ratio of specific heats of gas (--).

XBV(KK) Covolume (ins/Ibm).

XNOL(KK) Molecular weight (Ibm/Ibmol).

XECNEM(KK) Chemical energy of prcpellart (Ibf-in/lbm).

XIWOP(KU) Density of solid propellant at zero pressure (Ibm/in').

XO((KK) Mass of propellant (ibm).

XICRIT(KK) Time del ay following first ex>osure of incremerit base before
combustion b.gins (msec;).

XDEL(KK) Time intorval over which increment combustion rAte incrtases
to steady-state value (msev).



File [TC5] "Burn Rate Switches" (215) One Card TC-Mandatory

M1RI(KM) 0 - Exponential fom for measured burn rate description of
propollant KK.

- Tabular form for measured burn rate description of
propellant KK.

NPORS(KX) 0 - Measured burn rate data are given as function of pressure
on reacted side of flame. Ideal burn rate value SIGM&I
(see File [TC3]) pertains to reacted side.

1 - Measured burn rate data are given as function of pressure
on umreacted side of flame. Ideal burn rate value SIGNAX
pertains to unreacted side.

File [TC61 'Tabular Burn Rate Datal (215.F10.0) One Card TC-Contingent

N.B. File is required if and only if IDEAL = 0 and NMSR1(KI) = 1.
(See Files [TC1] and [TC5]).

NBR?(KK) Number of pairs of data in KI-th tabular description of burn
rate (maximum of 20.)

INTD Number of table entries to use in divided difference
interpolation. The same value is assumed for all
propellants.

Bl(KE) Burn rate additive constant for KI-th increment (in/sec).

File [TC7] "Tabular Burn Rate Data (contd)* (2F10.0) NBRP(XK) Cards

TC-Cont i nge ut

N.B. File is required if and only if IDEAL = 0 and MNBRI(KK) = 1.
(See Files [TCl] and [TC5].)

PE(1,KK) First value of pressure in tabular description of burn rate
of propellant UK (psi).

RP(I,KK) First value of burn rate of propellant 1K corresponding to

PE(1,KK) (in/sec).

RP(NBRP(K),KK)

145



File [TCB] "Exponential Burn Rate Data" (3F10.0) One Card TC-Contingent

4.B. File required if and only if IDEAL = 0 and MNB1(KK) = 0.
(See Files [TC1] and [TCS] .)

31(HK) Burn rate additive constant for KK-th propellant (in/see).

32( ) Burn rate pre-exponential coefficient for XK]-th propellant
( in/ae -piBN) .

IN(KK) Burn rate exponent for IX-th propellant ('-).

File [TC9] *Propellant Analytical Rheology Data" (2F100) One Card
TC-Continge nt

N.B. File required if and ouly if NPRC = - (See File [TC1].)

XAUP(KX) Compressive wave speed at zero pressure in analytical
description of propellant rheology (in/sac).

IADWN(KK) Expansion wave speed in analytical description of propellant
rheology (in/sec). If XAMWN(KK) is entered so that it is
less than the nominal compressive wave speed, the loading
value is used. By entering XAN(KK) - 0, a reversible law
is def ined.

File [TC10] "Propellant Tabular Rheology Data" (M5) One Card

TC-Continge nt

N.B. File required if and only if NPRC - 2. (See File [TC1].)

MNSS(KK) Number of pairs of entries in tabular descriptioh of
propellant rheology (maximum of 20).
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File [TC11] "Propellant Tabular Rheology Data (cont'd)" (3F10.0)

MNSS(KK) Cards TC-Contingent

N.B. File required if and only if NPRC = .2. (See File ETC1].)

PSTA(l,KK) First value of percent strain in tabular description of
propellant rheology (-).

STRL(l,KK) Corresponding value of pressure on nominal loading
(compression curve (psi)).

SIRU(l,KK) Corresponding value of pressure on nominal unloading
(expansion curve (psi)).

PSTA(MNSS(K), U)

STRL(MNSJ(KU), KU)

S TRU (KN SS (KK), K)

File [TCl2] "Ablative Film Data" (2F10.0) One Card TC-Contingent

N.B. File required if and only if N WR ( 0. (See File [TC1].)

VISLYR(KK) Viscosity of gas film used to lubricate propellant
(lbm/ in- se c).

DELYR(KK) Thickness of film (in).

File [TC13] 'Propellant Friction Data* (F1.0) One to 'Three Cards
TC-Continge nt

N.B. File required if and only if ?WFR > 0. (See File ITC1].)

All propellants are assumed to have the same numboar of data NWFR.

AIUV(1,KK) first value of velocity of propellant (in/sc).

AMU(1,KK) Corresponding coefficient of friction on tube (-),

AMUV(WFRKK) Last value of velocity (in/isec).

ANU(i R, .) Correspouding coefficient of friction (-).
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File [TC14] "Tabular Bore Resistance Data" (MF10.0) One to Three Cards

TC-Contingent

N.B. File required if and only if NBRES1 0. (See File [TCl].)

BRL(1) First value of projectile travel (in).

BR(l) Corresponding value of resistive pressure due to obturator
(psi).

BRX(!'MRESl) Last value of projectile travel (in).

BR(NBRES1) Corresponding value of rexistive pressure (psi).

File [TC15] "Barrel Shock Resistance Data' (4F10.0) One Card

TC-Cont i ngent

N.B. File required if and only if NBRES2 # 0. (See File [TC1].)

AIRGAM Ratio of specific heats of air (-).

AIRPO Pressure of air in barrel (psi).

AiUTO Temperature of air in barrel (R).

AIRMW Molecular weight of air in barrel (Ibm/lbmol).

File ETC16] "Obturator Setback Resistance Data' (3F10.0) One Card

TC-Contin gent

N.B. File required if and only if NBRES3 A 0. (See File [TCl].)

PIMB Mass of projectile ahead of midpoint of obturating band
(Ibm).

V.Ad Length of bearing section of obturating band (in).

AUN Poisson's ratio of obturating band (-).
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File [TC17] "Obturator Friction Data' (SFI0.0) One to Three Cards

TC-Cont i age nt

N.B. File required if and only if NBRES3 0 0. (See File ETC1].)

BMUV(1) First value of velooity of projectile (in/see).

BM(1) Corresponding value of coefficient of friction between
-obturator and tube (-).

BIV(NBRES3) Last value of velocity of projectile (in/sec).

BM(NBRE53) Corresponding coefficient of friction (-).
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